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Abstract

The thesis starts with a short description of Icelandic geology and the most
common rock types, with a brief description of their material and engineering
properties.

Tunnelling in Iceland’s rock mass can deliver quite special and challenging
conditions, some of them varying from those known from other countries in the
world. A chapter about Icelandic conditions for tunnelling, deals with some of the
most important factors during tunnelling in Iceland, e.g. mixed face tunnel,
groundwater, rock stresses, faults etc., how these factors affect the tunnel
excavation and how it is possible to avoid problems are related to these factors.

A brief description of the most common rock classification systems is available
in the report as well as a portrayal of their advantages and disadvantages. Their
purposes are to classify and store knowledge from previous projects for the use to
select tunnelling methods and to estimate need of reinforcement. The NGI tunnel
quality index (Q-system) is the most used rock classification system in Iceland and

has been adjusted to Icelandic conditions during the last three decades.

Chapter 4.2 defines rock support systems used in Icelandic rock mass, consisting
mainly of various types of rock bolts and shotcrete. These different support types
are discussed and evaluated, and their theoretical background is also introduced.
The usage of rock bolts and shotcrete from previous constructed road tunnels in
Iceland is presented too.

The main aim of the project is to investigate by means of numerical analyses the
reliability and the quality of the reinforcement used in the Faskrudsfjordur tunnel
in the eastern part of Iceland. The tunnel is the only road tunnel in Iceland where
stress measurement has been carried out during the excavation. The results from
the stress measurements will be used in the numerical analysis part of the thesis.

Three various models were analysed, a model with typical Icelandic mixed face and
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two models cross sections based on geological and geotechnical conditions from the
Faskrudsfjordur tunnel. The numerical analysis was carried out in the finite
element program Phase2.

Brazil tests, unconfined compression tests and triaxial tests were performed at
DTU and GEO on rock cores from borehole FF-04, drilled inside the
Faskrudsfjordur tunnel. To obtain the mechanical properties for the rock mass
surrounding the tunnel, a laboratory tests dataset from the headrace tunnel in
Kérahnjiukar hydroelectric project was analysed and later compared with the
presented laboratory results.

From the comparison of laboratory test results from Karahnjukar and the
Faskradsfjordur tunnel the difference is obvious. Strength and stiffness parameters
for different rock types from the Faskrudsfjordur tunnel are much lower,
particularly for the various basalts where unconfined compression strength is more
than six times larger from Karahnjikar than Faskrudsfjordur. The possible reasons
for this gap between the two sites, is a selection of porous rock cores from the
Faskrudsfjordur tunnel and elder rock mass in Faskridsfjordur which has reduced
its strength cause of weathering and high stress conditions.

Practical support used in the Faskridsfjordur tunnel for both stations 6530 and
7615 is well optimised, despite of the maximum displacements exceeding 10 mm,
which was chosen as a maximum acceptable displacement according to Icelandic
geotechnical tunnel engineers. Some rock bolts presented yielding but at both sites
the shotcrete liner carried the rest of the load and secured sufficient stability. The
supplementary support models for both stations did not decrease the maximum
displacements as expected. The cost for the additional support is more than two
times higher than in the practical supported models. The use of additional bolts

gives no significant reduction in convergence.

In general, it is the conclusion of the modelling work that Phase2 works well. It
is recommended for future works to emphasise more rock stress measurements and
more rock mechanical testing to provide better data for the convergence modelling
work. Especially, the used GSI evaluation and definition of residual values calls for
concurrent calibration of actual tunnelling sites with face logging and support
strategy applied.
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Utdrattur

[ byrjun ritgerdar er fjallad um islenska jardfraedi og helstu berggerdir landsins,
par sem efnis- og edlisfreedilegum eiginleikum er gerd skil.

Jardgangagerd i islensku bergi orsakar oft mjog sérstakar og erfidar adsteedur,
adsteedur sem eru sidur fundnar annars stadar i heiminum. Sérstakur kafli tekur &
pessum pattum, par sem helst meetti nefna, misleit bergi i stafni, grunnvatn,
bergspennur, misgengi ofl.. Einnig er komid inn 4 hvada ahrif pessir paettir hafa &
gangnagroft og hvernig mogulega er heegt ad komast hja vandamalum peim tengd.

[ ritgerdinni er stutt agrip af helstu berggaedamatskerfum og kostum peirra og
gbllum lyst. Fjallad er um mikilveegi bpeirra vid geymslu & reynslu af eldri
verkefnum og tutvikkun & peim vid mat 4 naudsynlegum styrkingum. Mest hefur
verid studst vid Q-kerfid (NGI tunnel quality index) & Islandi og hefur adlégun ad
islenskum adsteedum stadid yfir i prja aratugi.

Fjallad er um helstu bergstyrkingaradferdir sem notadar eru & Islandi, en peer
samanstanda af mismunandi tegundum bergbolta og sprautusteypu. Pessum
bergstyrkingaradferdum eru gerd skil, en einnig er fjallad um peirra freedilegu
skilyrdi. Pa er notkun & bergboltum og sprautusteypu fra fyrri framkveemum &
[slandi 1yst.

Tilgangur verkefnisins er ad rannsaka med tolulegum adferdum areidanleika og
gaedi bergstyrkingar sem notud var vid gerd Faskrudsfjardarganga a4 austanverdu
fslandi. Gongin eru einu veggéngin 4 Islandi par sem spennumeelingar hafa verid
framkveaemdar samhlida gangnagreftri. Nidurstodur ar meelingunum verda ad hluta
til notadar vid lausn & verkefninu. Prji likon voru gerd, dsemigerdur islenskur
misleitur gangastafn og tvo gangnapversnid par sem jardfreedi- og jardteeknilegum
adsteedum fra Faskrudsfjardargongum var fylgt. Vid lausn & verkefninu var studst
vid einingaradferdar forritid PhaseZ.
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Brazil préf, einasa prystiprof og priasa prystiprof voru framkveemd vid DTU og
GEO &4 bergkjornum fra borholu FF-04, sem var borud { midjum
Faskrudsfjardargongum. Til ad odlast styrktareiginleika peirra berggerda sem
umlykja Faskrudsfjardargong, var greining gerd & tilraunasafni fra adaljardgéngum
vid Karahnjuka og hin notud til samanburdar vid nidurstodur tilrauna.

Mismunurinn er augljés & samanburdi & nidurstodum tilrauna fra Karahnjikum
og Faskrudsfirdi. Kennisteerdir a4 styrk og stifni fyrir bergtegundir fra Faskradsfirdi
eru miklu laegri, pa sérstaklega fyrir mismunandi tegundir basalts par sem einésa
prystistyrkur er sex sinnum heerri fyrir syni fra Karahnjiukum. Hugsanlegar astsedur
fyrir pessum mikla mun er val & blodrottum synum fra Faskrudsfjardargongum, en
par er einnig eldri bergmassi sem hefur misst hluta styrk sins vegna vedrunar og
harra spennuadstaedna.

Par bergstyrkingar sem notadar voru i Faskrudsfjardargéngum a stédvum 6530
og 7515 eru vel utfeerdar pratt fyrir ad steerstu feerslur fari yfir 10 mm, sem var
valin steersta leyfilega feersla samkveemt islenskum jardgangnaverkfraedingum.
Nokkrir bergboltar syndu merki um formbreytingar en 4 badum stodvum bar
sprautusteypu kledningin bergramid uppi og tryggdi oOruggan stodugleika.
Vidbotastyrkingarlikon fyrir badar stodvar nadu ekki ad minnka feerslurnar eins og
til var aetlast. Asetla ma ad kostnadur vid vidbdtarstyrkingarnar sé tvisvar sinnum
meiri en vid peer sem notadar voru vid gerd gangnanna og myndu peer skila litlum

sem engum arangri.

Sem nidurstodu mé segja ad Phase2 virki { takt vid freedin. I nanustu framtid
skal vera 16gd ahersla & spennumelingar og frekari tilraunir til ad 6dlast betri og
nakveemari gogn fyrir likanagerd. Pa sérstaklega fyrir mat 4 GSI gildum og
“residual” kennisteerdum sem nota meetti 1 likangerd & framkvaemdastad, par sem

greining & bergi og styrkingum veeri fylgt eftir samfara likanagerdinni.
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1 Introduction

Icelandic rock mass stratum consists in general of relatively thin layers. Tunnel
faces are therefore frequently mixed faces with different mechanical properties.
During tunnel excavations the surrounding rock mass expands due to the stress
release. Stress concentrations can therefore take place at layers interfaces as their
mechanical properties differ. This is highly dependent on the local geometry such
as layer thickness, inclinations etc. as well as the in situ stress situation. As this
affects the development of stresses around openings due to excavation this affects
the support measures of the surrounding rock mass.

The aim of the project is to investigate by means of numerical analyses the
reliability and the quality of the reinforcement used in the Faskrudsfjordur tunnel
in Eastern Iceland. The Féaskrudsfjordur tunnel is 5,7 km long horse shoe shape
drilled and blast road tunnel. It is the only road tunnel in Iceland where stress
measurements have been carried out during the excavation. In the modelling phase
of this thesis three different models are analysed, a typical Icelandic mixed face
model and two models with cross sections from the Faskrudsfjordur tunnel where
stress measurements were performed. The finite element program PhaseZ? is used in
the modelling, parallel to RocLab.

To gather information about the rock mechanical properties for the rock from
the Faskradsfjordur tunnel, a laboratory dataset from headrace tunnel in
Karahnjukar was analysed. Also some rock cores from borehole FF-04, drilled
inside the Féaskrudsfjordur tunnel, were transported from the Icelandic Road
Administration at Reydarfjordur to the Technical University of Denmark, where
Brazil tests, Unconfined Compression tests and Triaxial tests were performed on
various rock types and compared with the analysis from headrace tunnel in

Kérahnjukar.

Gunnar Arnar Gunnarsson 1 DTU-Byg, UoB-HI 2008



Master’s Thesis The Geology of Iceland

2 The Geology of Iceland

Iceland is situated on the Mid Atlantic ridge on the rifting plate boundary
between the Eurasian and North American plates. When the plates drift apart, the
gap between them is constantly filled with extrusive and intrusive igneous rock.
The active zone of rifting and volcanism crosses the country from the southwest
Reykjanes peninsula to the northeast where it connects with the Iceland-Jan
Mayen ridge, see Figure 2-1. Iceland is geologically very young and all of its rocks
were formed within the past 25 million years. This makes the geology in Iceland
very different from other countries in Scandinavia. The stratigraphical succession
of Iceland spans over two geological periods, the Tertiary and the Quaternary
periods. The oldest rock at the surface in Iceland are from late Tertiary time,
about 15 million years old, and are found in the northwest and eastern coast of the
island. The closer to the rifting plate boundary, the younger the rock [1].

The surface of Iceland has changed radically during its existence. The forces of
nature that constantly mould and shape the face of the Earth operate faster in
Iceland than in most other places. The rocks are shattered by the frequent change
between frost and thaw, and the wind, seas and glaciers laboriously grind down the
land. Erosion removes about one million cubic meters of land from Iceland each
year, but volcanic activity and sedimentation more then counterbalances this loss

2].

2.1 The Volcanic Activity in Iceland

The volcanic activity in Iceland is attributed to the combination of Mid
Atlantic Ridge activity and hot spot activity. Iceland is one of the most active
volcanic regions on Earth. It is estimated that one third of lava erupted during the
last 500 year was produced in Iceland. There are 35 volcanoes that have erupted in
Iceland in the last 10.000 years. Lava produced during this time covers about
10.000 km?, which is approximately 10% of the area of Iceland, and altogether
around 400 km? of volcanic products, have been produced. On average, a volcano
erupts about once every 5 years [3],[4].
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Figure 2-1: Active volcanic systems in Iceland. 1) Individual volcanic systems and 2) active
volcanic zones [4].

2.2 Icelandic Bedrock

Rocks vary greatly in appearance either due to their internal structure, grain
size and crystal size, or to their external structure such as bedding, flow banding or
columnar size. Rocks are divided into three main groups according to its origin.

 Igneous rocks which are formed by solidification of magma, either at depth
forming plutonic rock, at shallow depth forming dike rocks, or at the surface

forming volcanic rocks.

o Sedimentary rocks are formed by accumulation of rock debris, sediments or
clastic rocks (e.g. sandstone).
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e Metamorphic rocks which are formed by recrystallisation of igneous or
sedimentary rock deep within the Earth’s crust, especially during fold mountain
movements. Metamorphic rock can not be found in the Icelandic bedrock.

The greater part of the Earth’s crust is made of igneous rock. It is primary rock
of which other rocks are formed through weathering, erosion or recrystallisation. In
the classification of igneous rock two factors are dominating, the silica content
(Si0:) and the solidification [4], see Table 2-1.

Table 2-1: Classification of igneous rock [4].

———————————— SiO, - silica content--------->
Basic Intermediate Acid
<52% SiO, 52-65% SiO, > 65% SiO»
Volcanic rock
a Basalt Andesite Rhyolite
3
S
kS Dike rock
=
g
3 Granoph
e Plutonic rock Gabbro Diorite ratop . yre/
Granite
Plagioclase, pyroxene, Quarts, orthoclase,
Rock forming minerals olivine, magnetite plagioclase, mica

From the silica content, igneous rock are classified as basic when they have less
than 52% silica content, intermediate with 52% - 65% silica content and acid with

more than 65% silica content.

The Icelandic bedrock consist of primary numerous, extensive but relatively
thin basaltic lava flows, lying on top of each other, interbedded with subordinate
acidic rock and relatively thin sedimentary beds. The bedrock’s overall composition

is as follows [5]
e 80-85 % basalt lava flows.
e 10 % acidic and intermediate rocks.

e 510 % sedimentary interbeds resulting from erosion and transport of
volcanic rocks. Mainly consolidated tuff and eolian soil and to some extent

sandstones and conglomerates.
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2.2.1 Basalt

Each lava flow may be divided into three parts as follows
o The top scoria, often 10-25 % of the lava flow thickness.
o The dense crystalline middle part, often 60-85 % of the lava flow thickness.

o The bottom scoria, often 5-10 % of the lava flow thickness.

Tyel
cel
thick
ey
TOF SCORIA -
. (basalt [ragments, pumice
2= and ash, vsually well
consolidated in the tertiam
bedrock, often 10-23% of
lava thickness)
s1e . DENSE CRYSTALLINE
s BASALT (often 65-B5% of
| lawa thickness, vsually
| columnar jointed]
{ 1
B34 BOTTOM SCORLA
= {often 5-10% of fava
thickness)
Figure 2-2: Schematic structure of a single Figure 2-3: Typical Icelandic basalt rock mass,
basalt lava [1]. above Blanda tailrace canal.

The top scoria is to the uppermost portion of the lava flow, characterized by
rapid cooling and brutal expansion of gas. The matrix of scoria is highly vesicular
and glassy, almost uncristallised. The structure is chaotic, with large voids of
various sizes, some up to several meters. When the subsequent deposition of
sediment occurred, these voids were infiltrated and filled with sand and silt.
Palagonitisation later cemented the sediment into a sandstone and gives the rock
mass a relatively compact aspect. In cores the top scoria often has the aspect of a
matrix supported breccia with scoria fragments. The vesicles in the scoriaceous
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fragment are also often filled with secondary zeolites or calcite. The scoria can
easily be recognized due to its particular structure and due to reddish, orange and
greenish colour, which is in contrast with the grey colour of the basalt [1],[5].

The crystalline middle part consists of hard, dense basalt and its colour varies
from light to dark grey. The rock is usually affected by sub vertical columnar
jointing, resulting from the cooling of the lava. The joint frequency is low for large
columnar jointed basalts where spacing of columnar joints can be 1-2 m. For small
columnar jointed basalts, the frequency is high or 0,1- 0,3 m and then its called
sugar cube structure. The joint surfaces are usually smooth to slightly rough [1],[5].

The bottom scoria is most often relatively thin, well consolidated, sometimes
containing sandstone fillings, mixed up from underlying sediments [1],[5].

The basalt was classified by to G. L. P. Walker in 1959 and has since then been
referred to as the Walker’s classification system [6]. The basalt is classified based
on petrology and texture of the rock and is divided into three different

petrographic types

» Tholeiite basalt.

o Olivine basalt.

o Porphyritic basalt.

The Walker’s classification system does not focus on the structure of the
basaltic layer, e.g. thickness, columnar width, thickness of top and bottom scoria,
etc. which are more important for engineering purpose. In 1992 the idea came
along of dividing the three main types into six basalt types [6]. By classifying the
bedrock from the start into these six types instead of three types, and using them
already from the first draft of the geological bedrock map in the draft profiles and
cross sections, a much better geotechnical information is provided for geotechnical
engineers. In Table 2-2 the six basalt types are listed.
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Table 2-2: Icelandic basalt classified according to rock engineering properties [6].

Structural / Mechanical properties
Traditional field Proposed Proposed 'geotechnical' Common
mapping of Legend field mapping of basalt in | Scoria | Common uniaxial
Icelandic basalts* on map Iceland content | thickness | compressive
(%] of lava strength
unit [m] [MPa)**
Tholeiite, thin layered,
. . >200
Thl (associated with central 25 - 35 3-8
| (150-300)
Tholeiite basalt volcanoes)
Tholeii i
oleiite, t.hlck layered 15 - 20 10 - 20 >200
Tht (regional) (150-300)
Porphyritic basalt esp. 900
Pom Massive (phenochrysts > 1-5 10 - 20
(100-300)
. 10% by volume)
Porphyritic basalt —
Porphyritic basalt 900
h hrysts < 10% b 5-15 10 - 20
Pob (phenochrysts < 10% by (100-300)
volume)
Olivine basalt 515 10— 20 200
Olivine tholeiite Olt (Olivine tholeiite) (100-300)
(Olivine basalt) Compound lavas 0.5 90 — 80 100
Ole (from lava shield volcanoes) (80-140)

* According to G.P.L. Walker (1959)

** Presh basalt

According to Table 2-2 the tholeiite basalt is divided in thin layered tholeiite,

which is usually associated central with volcanoes, and thick or regional tholeiite.
The difference between these two types is that the columnar part of the thin
layered tholeiite is much more jointed than of the thick tholeiite, forming much
smaller blocks. Also the percentage of cemented scoria at the top and bottom of
each lava flow is higher in thin tholeiite than in the thick tholeiite. The cemented
scoria contains very few joints even though tholeiite is the most jointed basalt type.
Therefore, a rock core of tholeiite basalt lava flows therefore consists frequently of
60 % - 85 % of very jointed, hard and brittle, columnar tholeiite and 15 % - 40 %
of sparsely jointed, clastic scoria, well cemented and also showing lower Young’s
modulus than the intact material of the columnar tholeiite [6].

There is great difference between the massive and porphyritic basalt, also
known as porphyry, and the less porphyritic basalt which is very similar to olivine
tholeiite in structure. The porphyry can contain large phenocrysts often over 10 %

Gunnar Arnar Gunnarsson 7 DTU-Byg, UoB-HI 2008



Master’s Thesis The Geology of Iceland

of the total rock volume. The porphyry is much more massive in structure and is
often used as armour stones for breakwaters.

The last type, olivine basalt, is divided in olivine basalt and compound lavas.
These two subtype are very different in structure and therefore with very different
qualities to engineering work. But according to petrologically and geochemically

parts, they belong to the same basalt type [6].

Table 2-3: Comparison of typical characteristic of Tholeiite and Olivine basalt [5].

Tholeiite

Olivine basalt

Very fine grained

Coarse grained

Free olivine crystals are absent

Free olivine crystals visible

Total silica content: 48-50%

Total silica content: 46-48%

Weathered crust, pale brown

Weathered crust, dark brown to deep grey

Spheroidal weathering uncommon

Spheroidal weathering common

Amygdales rather without zeolites

Amygdales bear zeolites

Well developed flow structures

Less developed structures within flows

Microspores often arranged along sub horizontal
surface with spacing < 1 cm resulting in faint
cleavage

Microspores randomly scattered throughout the

mass

Scoriaceous part of tholeiite basalt flows: usually
20-30% of the flow thickness

Scoriaceous part of olivine basalt flows: usually
5-15% of the flow thickness

Forms usually single lava flows

Forms both compound and single lava flows

Average thickness of lava flows:11 m

Average thickness of lava flows:10 m

Average width of columns: 2 m

Average width of columns: 1,5-2 m

Hardness of the dense matrix: I to IT*

Hardness of the dense matrix: IT*

*Hardness scale ISRM (1975)

2.2.2 Acidic and Intermediate Rocks

As seen in Table 2-1 the most common acidic rocks are rhyolite and
granophyre/granite. Rhyolite is usually grey, yellow or pinkish in colour which
appears as light patches on mountains. Rhyolite is always microcrystalline or
glassy, vesicular and flow banded, the bands often being in various colours. Granite
appears always coarsely crystalline, while granophyre is finely crystalline. Granite
is usually light grey reddish coloured with dark patches [4]. Rhyolite is divided into
three groups based on engineering propose [6]

e “Sound” rhyolite, which is a competent rock in spite of being extremely jointed
and flow banded.
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o Altered and decomposed rhyolite, up to what geotechnical engineers call
squeezing rock.

e Rhyolite ash, can make up formations reaching tens of meters in thickness, but
generally poorly cemented and therefore very bad as tunnelling rock. However, well
cemented tuff can be very compact and strong.

The altered and decomposed rhyolite and rhyolite ash can alter into clay
materials, often resulting in swelling clay. During tunnelling the clay will expand
when pressure is released and water is available. This type of rock should be
avoided in tunnelling if possible [6].

Andesite and diorite are the intermediate rocks which can be found in Iceland.
Diorite is rare in Iceland, but can be found in some places at Sneefellsnes peninsula.
Andesite is a middle stage between rhyolite and basalt. Andesite is always flow
banded, microcrystalline and very dark or black in colour, some confounded it with
dark microcrystalline basalt [4]. For engineering propose in field it often looks very
much like thick, densely flow banded tholeiite (Tht), see Table 2-2. Consequently,
their engineering properties are similar. However, they should be distinguished if
possible [6].

2.2.3 Sedimentary Interbeds

Sediment is classified according to weathering mechanism, transport and how it
accumulates into three main groups. Chemical sediment is formed by the
precipitation of dissolved materials in the sea, lakes or soil. In Iceland there is little
formation of chemical sediment apart from bog ore and calcareous travertine at
warm mineral springs. Organic sediment is formed from plant and animal remains.
When the organisms die their remains survive, often accumulating as thick beds,
especially in the sea and in lakes where conditions are more favourable for their
preservation than on dry land. Clastic sediments refer to rock composed of rock
fragments. The classification is in various ways, firstly they are classified by grain
size, the diameter of the grains of which they are composed. They are also
classified according to means of transport and according to the mineral content. In
Table 2-4 the classification for sediments by grain size is presented [4].
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Table 2-4: Sediment classification by grain size [4].

Grain diameter [mm] Sediment Sedimentary rock
> 256 Boulders Conglomerate
64 — 256 Stones Stony breccia
2-64 Gravel Breccia
0,063 — 2 Sand Sandstone
0,004 — 0,063 Silt Siltstone
< 0,004 Clay Mudstone

Approximately 5-10 % of the Icelandic bedrock consists of sedimentary
interbeds, they are presented as interbeds between the basalt layers. The most
common types of sedimentary rocks in Iceland are made of silt (siltstone) and sand
(sandstone and conglomerate). The thickness of the sediments can vary from few
millimetres up to few meters. The sandy sediment are usually a good tunnelling
rock, similar to weak concrete in strength and especially showing much greater
tensile strength than the silty sediments. The fine grained interbeds are often
reddish in colour or, in the case of rhyolitic ash layers, often yellow and greenish.
The silty interbeds can show extremely low vertical tensile strength, so even 5 cm
thick siltstone layers in between the basalts can cause serious stability problems in
tunnels when the they are located just above the tunnel roof. This can result in
instability of a large block or wedges in the tunnel roof under the siltstone layer.
One of the main reasons for the weakness of the siltstone layers is that some of the
materials and glasses in the layers have altered into swelling clay materials that
greatly reduce the tensile strength of the rock, especially the vertical tensile
strength [6].

2.2.4 Other Rock Types

Moberg (Hyaloclastite) is the Icelandic term given to volcanic rocks that is
formed in a water or glacial environment. Such type of volcanic eruption under
high pressure causes formation of bodies with complex structure and composition.
This type of formation has extremely irregular layering, the material is piled up
over the eruptive event and a moéberg formation from the same eruption usually
displays many different rock faces, some with properties of clastic rock and others
close to lava or minor intrusives. The five main groups of méberg are following [5]

o Pillow lava is made from volcanic eruption in water under relatively high water
pressure. The magma flows as stream surrounded by a rapidly cooling crust. The
structure of pillow lava forms a pile of elliptical or irregularly shaped pillows, of 0,3
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- 1 m in diameter. A pillow consists of porous basalt cubes with dimensions ranging
between 0,05 — 0,2 m. The space between pillows is filled with palagonitic tuff or
fine grained agglomerate with fragment of glassy palagonite. Pillow lava bodies are
normally highly pervious. When the ratio tuff/agglomerate is less than 20 % then
is it defined as pillow lava. Tuff and agglomerates have a low bulk density.

 Pillow breccia consists of pillows and a matrix of tuff or agglomerate. This forms
20 — 70 % of the rock mass. In the higher range, the breccia is often matrix
supported. With increasing proportion of the matrix the permeability of pillow
breccia decreases.

e Cube jointed basalt occur as intrusion in the cooling pillow lava. Cube jointed
basalt are systematically porous to vesicular basalt, with typical three sets of
highly discontinuous joints dividing the rock mass into cubes with 0,1 — 0,5 m side

length. Because of their high degree of jointing, cube jointed basalts are pervious.

o Tuff breccia consists of a palagonitic, tuffaceous matrix with up to 30 %
fragments of crystalline basalt. The tuff breccia is formed under low water pressure,
and has a relatively low bulk density and a low permeability.

e Mobberg tuff is a glassy palagonite sediment, almost entirely of volcanic origin.
Usually transported over a short distance that can build up thick stratified
formations [5].
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Figure 2-4: The Icelandic geological formation [7].
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3 Icelandic Conditions for Tunnelling

In the following subchapters the main geological features and geotechnical
problems related to tunnelling in Icelandic bedrock will be discussed.

3.1 Mixed Face

As mentioned earlier, the Icelandic rock mass stratum consists in general of
relatively thin layers. Due to that condition and the gentle dip of layers, often 3° -
8°, the tunnel faces consist frequently of mixed faces with different mechanical
properties. A tunnel face can simultaneously be made out of two to four different
rock types. Figure 3-1 and Figure 3-2 presents a typical mixed tunnel face [1].

Y

Scoria

Basalt
6m
Scoria

Sed. interbed
Scoria

Basalt

Figure 3-1: Typical mixed face for Icelandic conditions [1]. Figure 3-2: Mixed face from Féskriadsfjordur
tunnel. At the top there is sediment underlain by
a thin basalt layer, then another sediment layer
and finally scoria from the middle to the bottom
[46).
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The rock types displayed in Figure 3-1 and Figure 3-2 have different
geotechnical properties, in Table 3-1 some of the main properties are presented.

Table 3-1: Some geotechnical properties of Icelandic rocks [8].

Properties Basalt Scoria | Sed. Rock Sed. Rock Fault
Fine grained | Coarse grained | Breccias

UCS [MPa] 100-300 10-50 5-30 5-80 1-20
Q-value [NGI] 5-15 3-10 0,1-3 0,5-4 0,01
Drillability [DRI] Very low — med. | High High Med. High
Abrasiveness [BWI]] Low-med. Low Low Low Low
Young’s modulus, E [GPa 20-60 2-20 2-10 2-15 -

Typical strata thickness [m] 4-15 0,5-4 0,2-5 1-10 0,1-2

In Table 3-1 UCS is uniaxial compression strength and the Q) value is based on
the Q system developed by the Norwegian Geotechnical Institute, DRI stands for
drilling rate index and BWI is bit wear index. See further in chapter 4.

It is obvious from the table above that the properties differ between rock types.
The basalt has high strength and stiffness but the scoria and the sediments much
lower. The fault breccias gives in general the worst result. So it is very important
to have a good understanding of the characteristics of the rock mass when
designing a tunnel.

When excavation is carried out in a thin layered bedrock, which dips around
3°-8°, the direction of the excavation matters. The thin sedimentary interbeds
usually have very low tensile strength, close to zero. It is very hazardous to have
these weak layers located near the tunnel roof, which increases the possibility of
wedges and blocks to move forward and fall from the roof, Figure 3-3. When
excavating in the opposite direction to the dip, i.e. up dip, interbeds can be seen on
the face and walls before excavating under them and supports can be installed. On
the other hand, if the excavation is in the same direction as the dip, i.e. down dip,
the interbeds can not be seen prior to the excavation and the risk of fall out is
greater [9].
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Figure 3-3: To left, excavation opposite to dip direction. To right, excavation in the same
direction as dip [9].

3.2 Groundwater

A groundwater flow into a tunnel during the excavation can have serious
consequences, whether it affects the stability during construction or after. A great
groundwater flow into a tunnel can also cause a long delay in the construction,
while draining of the tunnel is performed. Recognition and understanding of the
geology of the tunnelling bedrock is essential for the prediction approach and
evaluation of the groundwater condition that are encountered during the tunnelling
work. It is necessary to map the most water bearing sites in the bedrock during the
preliminary studies. The typical Icelandic basaltic rock mass is relatively pervious.
The groundwater runs along the lava contacts, cooling joints and tectonic
discontinuities (intrusive dykes and faults), see Figure 3-4. The tectonic
discontinuities function as the main natural drains because of their continuity
through the lava pile. The sedimentary interbeds on the other hand act as
impervious — semi pervious barriers between the jointed lava joints [1].

Flow of groundwater into tunnels is often divided into regional inflow or
seepage along the tunnel line mainly controlled by the stratigraphy of layers and
joints, and inflows from water bearing discontinuities. Regional inflows are
relatively small and decrease slowly with time, whereas inflow from water bearing
discontinuities can be catastrophic but decreases normally rapidly with time,
depending on fracture and extent [10].
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Figure 3-4: Two different types of inflow into tunnels. To left, a permeable fault zone where K
is the permeability. To right, impermeable fault zone where P is the pore water pressure [11].

As previous mentioned, faults can cause serious water problem during
tunnelling. Faults are classified in four different types based on their permeability
[10].

o Aquicludes, yielding no water when excavation is made through the fault.

o Aquicludes/aquifers, yielding water when excavation is made past the
discontinuity. Fault breccia is usually a water barrier and high water pressure

is maintained behind the breccia until excavation is made through it.

o Aquifers not connected to potential source of water. Discharge is high when
excavation is made into the discontinuity but is gradually dried.

o Aquifers which are connected to potential source of water supply. Discharge

is maintained for unlimited period of time.

It is common that two or more of these types appear during construction of a
tunnel. Therefore, understanding of the geology of the tunnelling bedrock is
essential for the prediction approach and evaluation of the groundwater conditions
that are encountered during tunnelling.

3.3 Rock Stresses

The vertical stresses result from the weight of the overburden rock mass, see
Figure 3-5. The vertical stresses can be estimated from
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o,=y-2=0,027-z (3.1)

where y is the unit weight of the rock mass which is usually about 0,027 MN/m?
and z is the depth from the surface in meters. The effective vertical stress is
defined

o,=0,—U (3.2)
where u is the pore pressure at depth z The effective horizontal stresses acting on
rock mass element are much more difficult to estimate rather than the vertical

stresses. The effective horizontal stress can be calculated from the product of the
effective vertical stress and the rock stress coefficient, see equation (3.3).

o, =K, o, (3.3)

where A is the rock stress coefficient at rest [12].

Figure 3-5: Stresses in the rock mass at depth z, where o, = o, [12].

The stress behaviour in the upper lithosphere of Iceland is to great extent
explained by topographic relief and does not reflect the state of stress resulting of
continental plate drifting mechanism. Factors like volcanism, pile up of basaltic
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lavas and ice cover have built up stresses in the rock mass whereas tectonics,
continental drift, erosion and isostasy have released the stresses.

Stresses increases while younger jointed basaltic rock layers piles up on the
older layers. The rock mass drifts away from the active zone towards east and west,
where magma intrusions are frequently penetrated, locally building up higher
horizontal stresses than induced by gravity. The erosion carves the surface, the
weight of the overlying rock mass is relieved but the horizontal stress relaxation is
restricted by the intrusions and fillings within the rock mass [13].

Deformation measurements during 1987-2003 in the underground powerhouse at
Blanda show that the relaxation of the Icelandic rock mass can continue for several
years after construction of a large opening, see Figure 3-6. Impounding of the
tunnel and minor vibrations from the engines can truly increase these deformations.
Greatly fractured rock mass with clay filled joint and faults, together with soft
scoria and sediments layers in between the basalt layers is most likely to be the
cause of this long time creeping of the rock mass [13]. The deformation

measurements were recorded at around 220 meters depth.
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Figure 3-6: Six different deformation measurements at Blanda powerhouse cavern, time
dependent convergence after approximately half year diminishes to < 10 mm [13].

Stress measurements in Iceland corresponds to values for a relatively low
Young’s modulus, Figure 3-7. This is in agreement with derived values from
dynamic measurements and estimations based on degree of fracturing and rock

mass classification for the highly jointed rock mass. Because of the high degree of
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fracturing and intermediate layers of soft sedimentary rock and scoria, the Young’s
modulus for the rock mass is normally lower in Iceland than in the Scandinavian
countries. This is the reason for greater deformations in underground openings for

similar size openings under otherwise similar stress conditions.

i = horizontal stress / vertical stress
0 1 2 3 4
1 | L | I | 1 I
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Figure 3-7: Stress ratio K, as function of depth and horizontal Young s modulus E;.
Measurements in Iceland are normally within the dotted area [13].

The rock wall deformations and rock load surrounding the power station cavern
for the Karahnjikar 690 MW hydroelectric power plant were monitored during and
after the excavation phase. Extensometers and convergence points were installed in
four sections and load anchors were installed in one section in the power station.
The geology of the cavern area is typical for the Tertiary rock mass in Iceland and
consist of hard basaltic rock layers with scoria and sedimentary rock interbeds. In
addition, vertical or sub-vertical tectonic fractures, faults and dikes cut through
the rock mass.

The largest deformation recorded was 170 mm during one and a half year close
to the middle of the cavern at station 47, at level 25 m a.s.l. After installation of
the measurement devices the greatest rate of deformation was 4-6 mm/day but
after a year the average rate was 0,01 mm/day. Figure 3-8 illustrates these
measurements which were recorded during one and a half year at around 500 m
depth [13]. The cavern’s height is 35 meters and it is 120 meters long with width of

14 meters.
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Figure 3-8: Deformation measurements from K4rahnjikar cavern at station 47 [13].

Deformation measurements showed that the deformations are not only
controlled by the geometry of the tunnel complex, but also to a great extent,
controlled by the complexity in the geology. The weaker layers of scoria were
pressed together with the load partly being transferred to the sub-vertical dikes.

Based on rock density measurements on core samples the average vertical in
situ stress gradient is 0,027 MPa/m which gives a vertical stress of 13,5 MPa at
500 m where the Kéarahnjukar powerhouse is located. Hydrofracturing tests from
1998 and 1981 indicate that the horizontal stresses were between 5 and 6 MPa at
that depth. After using typical input in a finite element program the results for
vertical stresses were 15 MPa and 5-7 MPa for horizontal stresses. During
construction of the cavern, in situ rock stress measurements were carried out to get
better understanding of the behaviour of the Icelandic bedrock. The overcoring
method was applied. The outcome from the measurements indicated that the
vertical stresses were 9,4 MPa and the horizontal stresses were tensile -5,8 MPa for
minimum value and -0,8 MPa for maximum value. This is lower than from the
other measurements, and it is hard to believe that the horizontal stresses can be
negative (tension). Possible cause of this error is that the basaltic layers are heavily
jointed of varying intensity and contain some clay fillings, also the basalt contains
small gas pores which, if in contact with a strain gauge, may influence the results.
This confirms that it is necessary to apply more than one type of measurement in

order to get as accurate outcome as possible [13].
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Around 1980, some rock stress measurements from three different hydro power
stations in Iceland were made, the results are displayed in Figure 3-9. From surface
to 180 m depth the vertical and horizontal stresses are almost equal, but at greater
depth the vertical stress becomes much greater than the horizontal stress. At the
depth 500 m the vertical stress is 13 MPa and the horizontal one is only 5 MPa,
giving the earth pressure coefficient K as 0,39. This is a low value compared to

other parts of the world [11].
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Figure 3-9: Rock stress measurements with hydraulic fracturing from hydropower stations
sites in Iceland [11].
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So far carried out the measurements of horizontal stresses in Iceland indicate
that the horizontal stresses are much lower than in most other places in the world.
Figure 3-10 illustrates the horizontal movements based on repeated GPS
measurements from 1993 to 2004 by the National Land Survey of Iceland [14].

t -

A Maliersd '\ 3
— i5 oo

Figure 3-10: Horizontal movements in Iceland during the time period 1993 to 2004 based on
repeated GPS measurements, the blue triangles are measurement stations. The brown and red
zones are discussed in Figure 2-4 [15].

3.4 Faults

Faults are common in the Icelandic bedrock. They are characterized by sheared,
crushed rock, with grain size distribution ranging from blocks down to clay. In
some faults, the coarse grained crushed material is well cemented by fines (fault
breccia), in others the crushed material is weathered and loose. The width of fault
varies between 0,5 m up to tenths of meters. The faults are mostly sub vertical
normal faults with downthrown of few meters up to few tenths of meters. Around
central volcanoes, dykes and faults swarms are common. These systems have often
tendency to follow one orientation, in south Iceland the fault swarms follow SW-
NE but those on the north part of the country follows S-N trend, see Figure 2-4
and Figure 3-10.

Faults can generally act as main drains across the rock mass, due to their
persistence and their aperture. The excavation process in faults can be very
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difficult and risky. The excavation rate slows down and the support strategies
changes from place to place.

Faults can be divided into several different types depending on the direction of
the relative displacement, see Figure 3-11.
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Figure 3-11: Different types of faults [16].
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Normal faults result from horizontal tension stresses in brittle rocks and where
the hanging wall block has moved down relative to the footwall block, e.g.
Almannagja at Pingvellir. Horst and grabens appear due to the tensional stress
responsible for normal faults, they often occur in a series, with adjacent faults
dipping in opposite directions. In such a case the down dropped blocks form blocks
and the uplifted blocks form horsts, e.g. Almannagja and Hrafnagja at Pingvellir
are examples of suchlike faults. A normal fault that has such a curved fault plane
with the dip decreasing with depth, can cause the down dropped block to rotate. In
such a case a half graben is produced, named because it is bounded by only one
fault instead of the two that form a normal graben.

Reverse faults are resulted from horizontal compression stresses in brittle rocks,
where the hanging wall block has moved up relative the footwall to block. A thrust
fault is a special case of reverse fault where the dip of the fault is less than 15°,
which can have considerable displacement, measuring hundreds of kilometres, and
can result in older strata overlying younger strata. Reverse and thrust faults are
rare in Iceland.

Strike slip faults are faults where the relative motion on the fault has taken
place along a horizontal direction. Such faults results from shear stresses acting in
the crust. Strike slip faults can be of two varieties, depending on the sense of
displacement, left lateral strike slip and right lateral strike slip. These types of
faults are rather rare in Iceland but appear e.g. in Pjérsardalur.

Transform faults are a special class of strike slip faults. These are plate
boundaries along which two plates slide past one another in a horizontal manner.
The most common type of transform faults occur where oceanic ridges are offset.
Note that the transform fault only occurs between the two segments of the ridge.
Outside of this area there is no relative movement because blocks are moving in
the same direction. These area are called fracture zones [4], [16].
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3.5 Dikes

Dikes are very common in Iceland mainly in the Tertiary basalt areas. They
are thin rock layers which have solidified in fractures. Dikes are normal located at
right angles to the surrounding bedding, Figure 3-12. Dikes are usually thin, 1-2 m,
the greatest 30-40 m, and are often in swarms. The length can be up to tens of
kilometres which is hardly not surprising since eruption fissures are often of this
length [4].

Normally there are no serious stability problems related to the dikes, but the
border of the dikes can be fractured which can cause high permeability. That is the
reason for their great water capacity, seen in tunnelling of Hédinsfjordur tunnel in
Iceland.

stratified " gt
formeton i N Figure 3-13: A dike in F4skrtdsfjordur tunnel

Figure 3-12: Dikes cutting the stratified [46].
formation [4].

3.6 Seismic Activity

As stated before, Iceland straddles the Mid Atlantic ridge where the FEurasian
and North American tectonic plates move away from each other, causing volcanic
and seismic activities. In this subchapter the main components related to seismic

design of tunnels are mentioned.
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Earthquake effects on underground tunnel structures can be categorised in two
groups, ground shaking and ground failure.

Ground shaking refers to the vibration of ground produced by seismic waves
propagating through the Earth’s crust. Ground shaking motions are made of two
different types of seismic waves, body waves and surface waves, each with two
subtypes. Body waves propagate within the bedrock and can be divided into
longitudinal P waves and transverse shear S waves, they can propagate in any
directions. Surface waves propagate along the Earth’s surface, classified in Rayleigh
or Love waves, see Figure 3-14 [17]. It is obvious that a tunnel will be deform as its
surrounding bedrock during an earthquake. The damage caused by waves
distortion of the surrounding rock mass nearest to the tunnel is generally related to
slip at joints or fractures, with consequent displacement or even dislodgement of

joint defined material blocks, and to local cracking and spalling of the rock surface

8].
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Figure 3-14: The bedrock response due to the various types of seismic waves [17].
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Ground failure includes various types of ground instability problems such as
faulting, landslides, liquefaction, tectonic uplift and subsidence. Crossing an tunnel
through a active fault zone should be avoided, otherwise rupture displacement
must be accepted and high risk of rock fall from walls and roof. Landslides,
liquefaction, and related phenomena can cause serious problems at portals and
other surface constructions related to tunnels [8],[17].

In a typical Icelandic tunnel face the most critical points are often between
different rock layers, see Figure 3-15 from the finite element program Phase2.
During support installation in earthquake prone areas, these points should always
be kept in mind, because block units have potential to fall from walls and roof due

to dynamic forces during a seismic event.

Thaoleiite basalt

Tholeiite basalt

i
Figure 3-15: The black circles presents the most critical points in a typical Icelandic tunnel
cross section during earthquake.

Underground constructions suffer much less damage during earthquake than
surface construction. The reason for this difference is that the surface- and body
are reduced with increased depth, seismic support design is however very
important in earthquake prone zones [8]. In Figure 3-16 a horizontal bedrock
acceleration map for Iceland is displayed. At the marked area a special precaution
should be taken in to consideration because of risk of earthquakes. Many of the
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tunnels, both road and hydro tunnels, build in Iceland, are excavated in the
coloured regions. A special reinforcement analysis should have been considered
during the design of the tunnels in these regions.

=13 —240 —23w —230 230 -2 —19° —1m® —17e —1g® —150 —14 1309

Figure 3-16: Horizontal bedrock acceleration map for Iceland [18].

McClure cited by Sigurdur Erlingsson [8] report that, to minimize the potential
of earthquake damage to an underground structure involving heavy economic risk
this has to be taken in to consideration

o The facility should be located in rock having a shear wave velocity greater
than 900 m/s.

o The overlaying cover should be at least 90 m.

e The facility should not be located in the immediate vicinity of active or
potentially active faults.

McClure also states that by following these criteria in designing underground

facilities, all risk of damage can be ignored.
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4 Reinforcement Strategies

4.1 Rock Classification Systems

Rock classification systems have been in use for more than 50 years. Some of
the developed systems are directed to characterize the rock mass in general or to
give an input to the definition rock mass properties. Most of the systems are based
on experience from older projects, and still today improvements are being made to
get better reliability in the systems. Classification like this stores the knowledge
from previous constructions which then can be used later on. It does also act as a
refinement for the flow of information between designers, supervisors and
contractors, which can make a huge difference in building a new underground
construction. From some of the classification systems, reinforcement systems have
been developed.

The following paragraphs describe some of the most important rock
classification systems used today. The most used rock classification system in
Iceland is the NGI tunnel quality index which is developed by the Norwegian
Geotechnical Institute. During the last three decades geotechnical engineers have

been trying to adjust the system to the Icelandic conditions.

4.1.1 Rock Quality Designation index, RQD

The rock quality designation index, RQD, was developed by Deere et al. to
provide a quantitative estimate of rock mass quality from drill core logs. The RQD
value is defined as the percentage of intact core pieces longer than 100 mm of the
total length of core. The core should be at least 54,7 mm in diameter and should be
drilled with a double tube core barrel. Intact length of cores are only considered,
core broken by joints and other naturally occurring discontinuities, so drill breaks
must be ignored. Otherwise the resulting RQD will underestimate the rock mass
quality [19].
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The correlation between RQD values and rock quality is illustrated in Table 4-1.
Table 4-1 [20].

RQD (%) Rock quality
<25 Very poor
25-49 Poor
50-74 Fair
75-89 Good
90-100 Very good

The RQD value is also used as a parameter in more advanced classification
systems as RMR and NGI tunnelling quality index. Both systems will be described

later on.

4.1.2 Rock Structure Rating, RSR

The rock structure rating, RSR, was presented in 1972 by Wickham, Tiedmann
and Skinner to describe the quality of a rock mass and for selecting appropriate
support for tunnels. The system is often used for small tunnels supported by means
of steel sets. The RSR value is summation of the parameters A, B and C [19].

o Parameter A, Geology: General appraisal of geological structure on the basis
of:

Rock type origin (igneous, metamorphic, sedimentary)

Rock hardness (hard, medium, soft, decomposed)

Qwp

Geological structure (massive, slightly faulted/folded, moderately
faulted/ folded, intensely faulted/folded)

o Parameter B, Geometry: Effect of discontinuity pattern with respect to the
direction of the tunnel drive on the basis of:
A. Joint spacing
B. Joint orientation (strike and dip)
C. Direction of tunnel drive

o Parameter C: Effect of groundwater inflow and joint condition on the basis
of:
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A. Overall rock mass quality on the basis of A and B combined
B. Joint condition (good, fair, poor)
C. Amount of water inflow (in gallons per minute per 1000 feet of tunnel)

Tables which are used to evaluate the rating of each of the parameters are

presented in Appendix 1.

Three equations related to the RSR system are used to estimate the tunnel support.
An empirical relation between spacing of bolts and the rock loading is presented as

following

Spacing of bolts = 33 (4.2)

N

where 17} is the rock load in tons/m? and spacing in meters. The equation (4.2) is
for 25 mm diameter bolts with 10,9 tons working load. Equation (4.3) is related to
the tunnel diameter and thickness ¢ of the shotcrete in millimetres.

¢ D-(65-RSR) (4.3)
18

As an example, Figure 4-1 presents support estimation for circular 6 m
diameter tunnel [19],[21].

0= \ /‘!
MPa \ Shotcrete 25mm bolts " H 20 Rib
604 208 il bie S ==

\ // //"
'
50 0.1 / / E
= i

An=L n.ig g ;Praclical limit for

o | YV T { rib & bolt spacing
w - - \\ 1
® 0.2 8 " i
30+ = \\ :
. !
~ H
: o 2 [
om =043 S !
20 - i
1
i

i 2m { Rib and boit spacing
0 L L . 1 1
o 50 100 150 mm Shotcrete thickness

Figure 4-1: RSR support estimation for 6 m diameter circular tunnel [21].
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4.1.3 Rock Mass Rating, RMR

Bieniawski (1976) published a classification system called the Geomechanics
(Classification or the Rock Mass Rating system. This system has thereafter been
successively refined as more case records have been examined. The following six
parameters are used to classify a rock mass using the RMR system

o Uniaxial compressive strength of rock material, UCS.
« Rock quality designation (RQD).

» Spacing of discontinuities.

o Condition of discontinuities.

e Groundwater conditions.

Orientation of discontinuities.

Applying this classification system, the rock mass is divided into a number of
structural regions and each region is classified separately. The parameters above
are rated according to table in Appendix 1. The summation of these parameters
gives the RMR value between 0 and 100, where 100 is high quality intact rock and
0 is very poor rock. The RMR values are classified in five different classes in Table
4-2 [22].

Table 4-2: Classification of RMR values [22].

Class number RMR Rock quality
I 81-100 Very good
1I 61-80 Good
111 41-60 Fair
IV 21-40 Poor
\Y% <20 Very poor

Figure 4-2 presents the relation between the RMR value and the roof span and
stand up time for tunnels.
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Figure 4-2: RMR in relation to roof span and stand up time for tunnels [23].

The RMR system is based on a set of case histories of relatively large tunnels
excavated using drill and blast technique, where reinforcement like rock bolts,
shotcrete, wire mesh and steel sets are used. The system is not suited for
TBM(Tunnel Boring Machine) driven tunnel, where rock damage is less and
immediate shotcrete application may not be feasible.

A relationship between rock load and roof span for different value of RMR is
illustrated in Figure 4-3. The rock load height 4 defined as the high of the rock
mass over the tunnel to be stabilised, is given in meters

 _ 100-RMR) o (4.4
100

where B is the tunnel width in meters. The support rock load is given by following

equation

(100— RMR) (4.5)
P = " B-y=h -
100 y=h-y

where y is the rock unit weight kN/m? [19], [21], [24].
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Figure 4-3: The relation between rock load and roof span for different RMR values [21].

4.1.4 NGI Tunnelling Quality Index, Q

The NGI tunnel quality index also known as the () method is a numerical
description of the rock mass quality with respect to tunnel stability. On the basis
of an evaluation of large number of case histories of underground excavations
Barton, Lien and Lunde developed the Q method. The Q value is defined by a
function consisting of six parameters which may be estimated either from
geological mapping or from in situ measurements. The (Q method is used
internationally for general description of the rock mass quality and as a guide for
estimating tunnel support requirement [25].

The Q value is a numerical description of the rock mass quality with regards to
tunnel stability. The value varies on a logarithmic scale from 0,001 to a maximum
of 1000. The Q value is expressed as following

Ju (4.6)

Q= SRF

_RQD J,
‘]n ‘]a
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where the parameters are

RQ@D is rock quality designation as described in chapter 4.1.1. RQD has values
from zero to 100. The Q function specifies that the value 10 is the lowest RQD

value used.

J,is the joint set number. The joint set number takes values from 0,5 for massive
rocks with no or few joints, to 20 for crushed rocks.

J, is the joint roughness number. The joint roughness number varies from 0,5 for
slickenside, planar joints to 4 for discontinuous joints. Usually the value for the
weakest significant joint is used in the ) function.

J. express the joint alteration number. The alteration number varies from 0,75 for
unaltered joint walls to 20 for rock with thick, continuous zones of swelling clay. In
the Q function the weakest or most unfavourable joint set is generally used.

Jw stands for the joint water reduction factor. The joint water reduction factor
takes the values from 1 for dry excavations to 0,05 for excavations with
exceptionally high inflow.

SRF'is the stress reduction factor. The stress reduction factor has values from 1 for
medium rock pressure to 20 for heavy rock pressure. The values are taken relative
to the rock strength.

The Q function may be considered as the product of the three quotients. The
first quotient, RQD/.J, is a measure for the relative block size. The second
quotient, J,/.J,, is a fair approximation to the actual interblock shear strength. The
third quotient, J,/SRF, describes the active stress. It is generally agreed that these
three quotients represent three major parameters affecting the tunnel stability [25].
In Appendix 1 the rating of the parameters is clarified.

The main advantage to the Q classification system is that it is relatively
sensitive to minor variation in rock properties. The most disadvantage of the Q
system is that it is relatively difficult for inexperienced users to apply. The
parameter .J, can cause problems, the inexperienced users have difficulties to

estimate the parameter, counting to many joint sets which results in a low estimate

of Q.
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To relate the Q value to rock mass support requirements, an equivalent
dimension (2.) defined as the width of the underground opening divided by the
excavation support ratio (ESR), is given with

_ Span, Diameter or Height (m)

De
ESR (4.7)

The value of ESR depends on the ultimate use of the underground opening and the
time of exposure. Following recommended values of SR are given in Table 4-3.

Table 4-3: Recommended value for ESR [24].

Excavation Type of excavation ESR
category

A Temporary mine openings 3-5

B Vertical shafts (highest for circular cross 995
sections) ’
Permanent mine openings, water tunnels

c for hydropower (excluding high pressure 16
penstocks), pilot tunnels, drifts and ’
heading for large openings
Storage caverns, water treatment plants,

D minor road and railway tunnels, access 1,3
tunnel
Power stations, major road and railway

E stations, civil defence chambers, portals, 1
intersections
Underground nuclear power stations,

P railway stations, sports and public 0.8
facilities, factories, major gas pipeline ’
tunnels

After the estimation for the Q value and the equivalent dimension the fulfilled
support design can be estimated from Figure 4-4. Icelandic rocks are usually ranked
between 0,4 and 15, but in a very fractured rock, like fault breccias, a value as 0,01

can be seen.
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Figure 4-4: Reinforcement design of excavations based on the Q system [14].

Barton et al. provided additional information on rock bolt length, maximum
unsupported spans and roof support pressure [19]. The length Z for rock bolts can
be estimated from the excavation width B and excavation support ratio ESR by

the following equation

_2+0,15-B (4.8)

ESR

L

And the maximum unsupported span can be found using the following equation

Maximum span =2-ESR-Q** (4.9)

The relationship between the value of Q and the permanent roof support pressure

Prooris estimated from

P

roof —

1
~2:3,Q°
3-J

(4.10)
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During the last decades some attempts have been made to adjust the Q) system
to Icelandic environment, as Icelandic geology is quite different compared to most
other countries in the world. During the construction of the Hvalfjordur tunnel in
the southwest of Iceland the most common values and ranges of () indexes were
estimated for different rock types, see Table 4-4. Using the Q system to evaluate
Icelandic rock mass, does not give a reliable results for all rock types, especially for
small columnar jointed basalt. Since the parameter .J, clearly underestimates the
rock type, the need for support becomes too high. The rating for J, and .J, were
also changed a bit [26].

Table 4-4: Most common values and ranges of Q indexes for different rock types from
Hvalfjardar tunnel [27].

ROCk type RQD Jn Jr Jn JW* SRF* *
Hard, large and
. 70-100 9-10 2-4 2-3 1 1
medium columnar basalt
Hard, small columnar jointed
40-70 10-12 2-4 2-3 1 1
(<15 cm) basalt
Scoriaceous basalt, competent 50-100 9-10 2-4 2-3 1 1
Highly altered basalt 50-100 9-10 2-4 2-4 1 1
Heavily jointed basalt <40 12-14 2-4 2-3 1 1
Scoria, well consolidated 50-100 9-10 2-4 2-3 1 1
Scoria, poorly consolidated
(loose) with soft sedimentary <50 9-20 1-4 2-4 1 1/2,5/5,0
fillings
Sedimentary rock, competent
) 50-100 9 1-2 3-4 1 1
sandstone and siltstone
Sedimentary rock,
incompetent sandstone and <50 9 1-2 3-4 1 1/2,5/5,0
siltstone (soft)
Fault breccia <50 15-20 1 3-8 1 2,5/5,0

* Preliminary procedures to use fixed value for J,.
< SRF 2,5 if overburden is < 2H or <1,5B (competent rock).

While using the Q system the lowest value of Q for the whole cross section is
used to estimate the need of reinforcement. In the Icelandic rock mass the
variability of the rock quality can be great, which means that one Q value for the
whole cross section is far too pessimistic evaluation. For instance the difference
between tunnel walls in the same cross section can be large, one rated much higher
Q value than the another one, so using the same reinforcement strategy for both
walls is witless and unpractical [27].
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The Q system can be modified while designing a tunnel in a earthquake prone
region, then the parameter SRF is decreased, which leads to lower Q value,
resulting in a closer rock bolts spacing and mesh reinforcement of the shotcrete [8].

4.1.5 The Geological Strength Index, GSI

The geological strength index system described by Hoek et al (1998) provides a
system for estimating a value for rock mass strength from descriptions based on
field observations. The geological strength index, GSI, is used to minimize the
strength of a rock mass according to geological conditions. The rock mass
description considers the rock structure in terms of blockiness and the surface
condition of the discontinuities, as indicated by joint roughness and alteration [28].
The range of the values within the GSI is between 0 and 100.

In the beginning the value of GSI was estimated directly from RMR. That
correlation was proved to be unreliable, especially for poor quality rock masses and
for rocks with lithological peculiarities which cannot be adjusted to the RMR
classification system. Instead, the GSI value can be estimated by means of charts.
Figure 4-5, which is for jointed rocks, in Appendix 1 is a chart for estimation of
heterogeneous rock mass such as flysch.
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Figure 4-5: Determination of the GSI for jointed rocks [19)].

The Hoek-Brown failure criterion for rock mass is widely accepted and has been
applied in a large number of projects around the world. The generalised Hoek-
Brown can be expressed as following

a

0, =03+0 mb'_'?""S (4.11)

O-ci

where m, is a reduced value of the material constant, m;, and is given by

GSI -100
=M P 28 14D (4.12)

and s and a are constants for the rock mass given by the following relationships
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S = exp GSI -100 (4.13)
9-3-D
GS 20
a=£+£ e_TSI—e_? (4.14)
2 6

parameter D is used to estimate the disturbance of the rock mass subjected by
blast damage and stress relaxation. The range is from 0 for undisturbed rock mass
to 1 for very disturbed rock mass [29].

For the estimation of the GSI and use of Hoek-Brown failure criterion the user
friendly computer program, RocLab, has been design by Rocscience Inc. [19]. The
program provides simple and intuitive implementation of the Hoek-Brown failure
criterion, allowing users to easily obtain reliable estimates of rock mass properties.
Also to visualize the effects of changing rock mass parameters. The program will be
used in estimation of rock mass parameters in this thesis. In Appendix 1, a
screenshot from the program is displayed.

Practical application of the GSI system and the Hoek-Brown failure criterion in
number of engineering projects around the world have shown that the system gives
reasonable estimation of the strength of a wide variety of rock masses [19].

4.2 Rock Support Systems

The stability of an underground opening depends on the behaviour of the rock
mass surrounding it. It depends on time when the support is installed to the rock
mass, because the support system must have enough strength and stiffness to carry
the rock mass movements. After the excavation the rock mass expands, releasing
stresses in the rock mass, causing the rock mass nearest to the wall surface to carry
more load. The main idea is to put as much weight on the rock mass as possible,
then the support system just has to carry the rest of the weight to prevent
downfall [14].

Installation of rock support systems is often divided in two separated phases,
primary and secondary. In the primary phase the tunnel surface is reinforced
during excavation or just after excavation, just to ensure safe working conditions
and prevent downfall from walls and roof. In the secondary phase the additional
rock support is applied after blasting has been finalized, to secure stability through
the construction’s lifetime [27].
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Some attempts have been made to estimate when support systems shall be
installed, to get the best solution. Figure 4-6 describes a pressure relief of a rock
mass after excavation and different timing of support installation. The trajectory a-
b gives too stiff support, still on the elastic part, risk of overloading. On the other
hand the support can also be too soft, trajectory a-f can cause collapse of the
underground construction. A support with a right stiffness but not enough bearing
capacity, see trajectory a-c-e. The most optimal support is the trajectory a-d,
where the support trajectory crosses the pressure trajectory in middle of the rock
mass plastic part [30].

Pressure

P

a Deformation

Figure 4-6: Pressure relief of the rock mass after excavation, the most optimal support is the
trajectory a-d. Referring to NATM (New Austrian Tunnel Method) [30].

The most common rock support systems used in Iceland are rock bolts and
shotcrete, with or without steel fibres. But where circumstances are very poor a
wire mesh, chain links and steel beams are also used. In the next subchapters these
systems will be described.

4.2.1 Rock Bolt

Rock bolts are used to stabilize rock excavations. Rock bolts role is to stabilize
rock wedges and prevent movements of the rock mass nearest to the tunnel. A
common length of rock bolt is from two to four meters, and depends on
circumstances at each time. It is very important that the length of the bolts is
sufficient to extend into a stable rock beyond the secondary, weak rock. The rock
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bolts have to be capable to bear both tensile and shear forces. The most used rock
bolts in Icelandic rocks are grouted rebar rock bolt (cast iron rod) and CT-bolts
(grouted end anchored rock bolt). The difference between these types is that, the
CT-bolt can be active just after installation but the grouted rebar rock bolt does
not become active until the concrete surrounding it has hardened and some
movements in the rock mass has occur [27].

A rock bolt generally consist of plane steel rod with a mechanical or chemical
anchor at one end and a face plate and a nut at the other. A rock bolt is installed
as following: The entire assembly from Figure 4-7 is inserted into a drilled hole.
The length of the hole should be at least 100 mm longer than the bolt otherwise
the bail will be dislodged by being forced against the end of the hole. After
installation a sharp pull will seat the anchor. Then the bolt is tightened to force
the cone into the wedge thereby increasing the anchor force, see Figure 4-8. For
permanent use, the space between the bolt and the rock can be filled with cement
or resin grout, but for a short term use the bolts are usually left ungrouted. The fill
material also prevents the rock bolt against rust or corrosion because of

groundwater which is the most common cause of failure [19].

cone

grout injection tube

faceplate drilled for tubes

Figure 4-7: Components of a grouted end anchored rock bolt [19].

It is necessary to use tension the bolts to secure that all of the components are
in contact and positive force is applied to the rock. It is enough to use conventional
wrench to tighten the nut. Where the bolts are required to carry a huge load, then
70 % tension capacity of a bolt is applied after installation. This provides a known
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load with a reserve in case of additional load being induced by displacements in the
rock mass [19].

In the case of sidewall wedges the bolts have to be placed in such a way that
the shear strength of sliding surfaces is increased, the bolts have to cross the sliding
planes rather than cross the separation plane. The inclination should be between 15°
and 30° which induces the highest shear resistance along the sliding surface.

The total force which will be applied by the reinforcement for roof wedges,
should be sufficient to support the full dead weight of the wedge. The safety factor
should be of 1,3 for temporary mine access opening, such as drilling drive, and 1,5
for more permanent access opening such as highway tunnel [19].

Figure 4-8: Installation of rock bolts in Faskridsfjérdur tunnel [46].

4.2.2 Theoretical Concept of a Rock Bolt

The stiffness parameter for anchored rock bolts depends on the distance
between rock bolts, s. and s, and the cross section of the rock bolt, see Figure 4-9.
For a rock bolt with a circular cross section the stiffness 4 is given as following

S A (4.15)
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where £, is the Young’s modulus for the rock bolt and /is the length of the rock
bolt, i.e. the distance from wall surface to the anchor. The term /4 is a empirical
correction factor which will balance the unforeseen displacement around the anchor
and the faceplate. The term A can be estimated by performing tensile tests on rock
bolts. A common value for 4 is between two and four [14]. The ultimate tensile
strength for a anchored rock bolt is given as

s.-S, (4.16)

which can never be greater than the ultimate tensile strength for the rock bolt
without the anchor, which is expressed as

o, -n-d’

P, = 4.5, -5, (4.17)

where the o is the yield strength for the rock bolt [14].

Figure 4-9: Rock bolts installed in tunnel roof [14].
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To estimate the required amount of rock bolts to stabilize a rock sliding wedge
the following must be taken in consideration. It is necessary to calculate the weight
of the wedge , W, and then draw a force polygon with W given, see Figure 4-10.
The direction of the resultant, 7, of the shear force, .9, along the separation plane
and the normal force, /V, to the separation plane is known, applying a relevant
friction angle @. Then the polygon is completed and gives the total tensile force D
[31].

Figure 4-10: Rock bolts installed in a sliding rock wedge in a tunnel wall [31].

The required number of bolts /V, can be estimated from equation

W-F_D
B (4.18)

where W is the weight of the wedge, F'is the safety factor and B is the product of
the cross section area and the yield strength of the bolt [31].
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4.2.3 Shotcrete

Shotcrete is the common name for cement, sand and fine aggregate concrete
which is applied pneumatically and compacted dynamically under high velocity.
There are two types of shotcrete, dry mix and wet mix shotcrete. The latter one is
most used in Iceland and the Scandinavian countries. In Table 4-5 the advantage
and disadvantage for these methods are listed up.

In the dry mix method the dry components are placed in a hopper with
continuous agitation, where it is compressed with air to the delivery nozzle, water
is then added to the mixture at the nozzle. The operator adjust the amount of
water [32].

In the wet mix method the same ideology is used, where a compressed air is
used to force the wet mix through a hose and out of a nozzle. But in the wet mix
method the water has already been added to the dry components in a concrete

plant and transported to the delivery place by trucks [32].
Table 4-5: Advantages and disadvantages for dry mix and wet mix methods [33].

Type Advantages Disadvantages

e Quite simple method e Material drop out is much
o The w/s ratio can be low « Difficulties to get a equal damp

Dry mix o A good compaction, cause of high distributions
speed o The operator decides the quality of the
 Possibility to use coarse material shotcrete

e Less output than wet mix method

« Little material drop out « Difficulties to use coarse fill materials
e The mixture is made in concrete e Much use of cement

Wet mix plant, uniform quality » Use of accelerator, to get quicker
« Little dust pollution coagulation

e More output than dry mix

The final shotcrete product depends mainly on following the factors: Surface
preparation, nuzzling technique, lightning, ventilation, communications and crew
training. The worst surface conditions are dry, dusty and frozen rock surface. The
surface area should be sprayed with an air-water jet to removed loose rocks and
dust. The damp rock will create a good surface to bond the initials layer of the
shotcrete. The shooting distance is ideally about one to one and a half meters, see
Figure 4-11 [19]. The most effective way to apply shotcrete on a wall is to begin at
the lowest point and move to the sides towards the roof [27].

To increase shotcrete tensile strength steel fibres are often mixed in. The
advantage using steel fibre mixed shotcrete instead of traditional wire is much
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shorter time in application, but also less expensive, especially when dealing with
irregular surface.

Some experience values of amount of shotcrete used in the primary phase for
various rock types are available. Often for sound basalt no support is needed, but
for moderately broken basalts 3-4 cm thick shotcrete is needed. Approximately 3-
10 cm thick shotcrete is used for scoria and sedimentary interbeds. Were
circumstances are very poor e.g. fault zone, 10-15 cm of shotcrete is required [1].

Figure 4-11: Shotcrete applied on a wall in F4skridsfjérdur tunnel [46).

4.2.4 Theoretical Concept of Shotcrete

For a circular cross section tunnel with prefabricated concrete lining or full
covered with shotcrete, with a thickness 7. and a radius r;, the stiffness factor 4.

can be expressed as

. E[r° (5 -t.)’]
Cav)[@-2v) K (5 -] (4.19)

where the £ is the Young’s modulus and v is the Poisson’s ratio for the concrete.
If the concrete thickness is small compared to the tunnel radius then the stiffness

can be written as the approximation
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h (4.20)

The ultimate strength for the concrete can be found from a hollow cylinder, which
is effected with pressure stresses, the relation is expressed with equation

I PR (Rl
pcmax _2 O-c |:1 r..2 j| (421)

where the o¢ is the unconfined compression strength of the concrete [14].

4.2.5 Combination of Rock Bolts and Shotcrete

When reinforcing underground structures, a combination of rock bolts and
shotcrete is very common. But it can be problematic to estimate the combined
stiffness for rock bolts and shotcrete, especially if the rock bolts are grouted. That
grouted rock bolts acting with the rock mass, making it difficult to separate the
displacements between these two phenomena. For solving such a problem, a
numerical analysis is needed, to take into account concurrent effects from the
grouted rock bolt and the rock mass [14].

But when using two different reinforcement system e.g. shotcrete and anchored
rock bolts the stiffness can be estimated as

ktotal = kb + kc (422)

where k;, is the stiffness for the anchored rock bolt and 4. is the stiffness for the
shotcrete.
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4.2.6 Use of Rock Bolts and Shotcrete in Iceland

A summation from GeoTek on use of rock bolts and shotcrete in constructed

road tunnels in Iceland.
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Figure 4-12: Amount of rock bolts used per length meter in different road tunnels in Iceland
[46].
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Figure 4-13: Amount of shotcrete used per length meter in different road tunnels in Iceland
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Figure 4-15: Average amount of shotcrete used against cross section area for different road
tunnels in Iceland [46).

Experience for modern tunneling in Iceland for a 50 m? tunnel face calls for six
rock bolts with approximately two meters spacing in between and in excess of 10

cm thickness of shotcrete.

4.3 Stresses Around Underground Openings

As mentioned before, after excavation a stress relief of the rock mass occurs and
the rock mass nearest to the tunnel opening has to take more load. During this
process the rock mass expand into the tunnel opening. Therefore it is very
important to gather as much information about the stress conditions before the
excavation takes place to minimize all uncertainty. In this subchapter the analysis
of stress determination on underground openings will be described.

Figure 4-16 and Figure 4-17 presents a section of a tunnel, the figures presents
how the rock mass surrounding the tunnel deforms after an excavation. The rock
mass starts to deform about one half a tunnel diameter ahead of the advancing
face and reaches its maximum value about one and one half diameters behind the
face [19].
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the displacement vectors as well as the shape of
the deformed tunnel profile [19].

Where the stress distribution is not isotropic, i.e. where the horizontal and the

vertical stresses differs, the Kirsch equations can be applied. The Kirsch equations

for a circular openings gives the radial, tangential and shear stresses at any point

in an infinite plate with polar coordinates. Linear elastic behaviour of the rock

mass where k& (/A7) is the stress ratio in the original rock is assumed [34]
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where r; is the radius of the tunnel, r is the distance from the axis and 6 is the
angle, which is referenced to the vertical stress, see Figure 4-18. At the excavation
surface o, and 7,9 are 0. In all cases r> r. The displacements can be calculated

o, I’ r’

—_ v —(1=-K)-l|4-1-0)—- |.cos 2
u, 4G [(l+k) (1-k) [4 1-v) rZJ CcoS 0} (4.26)

0, =-% % ok 2.a-2.0)+ % |.sin20
T 4.G, r? (4.27)

where G, is the shear stiffness of the rock expressed as
6. E

2-(1+v) (4.28)

Ii

O min <

Figure 4-18: Radial, tangential and shear stresses given at any point with polar coordinates
[34].

A elliptical form has also given a good approximation for stress determination
around excavation openings [34]. In a biaxial stress field, the tangential boundary

stresses are given as
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a§\=av~(1+2~%—kj (4.29)

g :G”'Lk'(“zvﬂvj_l} (4:30)

where W and H are the elliptical opening width and height, and the location of A
and (C'are at the tunnel wall and roof locus respectively, see Figure 4-19.

A
GH

Pl B
~ |

W

Figure 4-19: Tangential stresses for an elliptical opening [34].

Many underground excavations are too complex in cross section to be analyzed
by closed form solutions based on the mathematical theory of elasticity, e.g.
horseshoe geometry. For these cases numerical models are used to calculate stress
distributions with aid of numerical methods. Many methods are available for
numerical modelling and choices are made to accommodate material properties and
geometry and to keep the numerical effort at a minimum. In the modelling phase
of this thesis the finite element program Phase2 will be used.
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5 The Féaskridsfjordur Tunnel

5.1 The Project

The Faskrudsfjordur tunnel is 5,7 km long road tunnel. The construction is to
improve the transportation system in eastern Iceland. The distance between
Reydarfjordur and Faskrudsfjordur before the tunnel was 52 km but after the
construction the distance is 21 km. The construction started in April 2003 and the
tunnel opened in September 2005, a month before scheduled [35]. Figure 5-1
presents the Faskrudsfjordur tunnel construction area.
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Figure 5-1: Project area for the Féskridsfjérdur tunnel [36].
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In  December 2002 the Icelandic Road Administration tendered the
Faskrudsfjordur tunnel. A construction contract was made to the lowest bid which
came from Istak ehf. and Pihl & Segn A/S. The supervision was taking care by
GeoTek Ltd. The key figures for the project are in Appendix 2. The tunnel was
excavated using drill and blast technique [35].

The construction of the tunnel was according to the preliminary studies of the
construction area, except in the middle of the excavation time during January 2004.
The contractor estimated that the rock stratums were different than according to
the given sections. So two boreholes were drilled inside the tunnel to confirm the

surrounding rock mass [37].
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Figure 5-2: Cross section of the mountain rigde, the tunnel route is marked as a violet line
[36]. Scale 1:50.000

The location of the tunnel depends on the geological condition in the bedrock,
being in the tholeiite basalt series in between the thick sediments of the
Reydarfjodur acidic tuff below and the Holmatindur tuffs and lignite above. The
tunnel runs from a portal at El. 75 m a.s.l. from Hruteyri at Sléttustrond in
Reydarfjordur to a portal at El. 105 m a.s.l. near Pverd in the Dalir area in the
innermost part of Faskrudsfjordur. The tunnel route through the mountain,

Kollufjall, crossed approximately 100 m thick rock series of basalt layers
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comprising relatively thin sedimentary interbeds. Thick sediments of relatively
unfavourable tunnelling conditions mark the upper and lower boundaries of this
part of the basalt strata. The tunnel route almost line up along the strike of the
gently dipping strata so the tunnel crosses relatively few massive basalt layers and
thin interbeds. The tectonic activity and dyke intensity is at minimum in this area
compared to the conditions few kilometres towards east and west. Figure 5-2
presents the cross section of the mountain ridge where the tunnel runs [36].

Exploratory drilling was carried out near Hruteyri and Dalir in June and July
2000. Six cored boreholes, three on each side of the mountain ridge, with a
cumulative length 530 m were drilled to establish the stratigraphical model
previously based on field mapping and to evaluate technical properties of the rock.
Additionally, 31 percussion boreholes were drilled to find resistance of surficial
sediments and to measure depth to solid bedrock. The boreholes confirmed the
existing stratigraphical model with a interesting tunnel route in the tholeiite series
located in between the Reydarfjordur acidic tuff and the Hoélmatindur tuff and
lignite [36], see drawing 6 in Appendix 2.

5.2 Geology at Faskridsfjordur and Reydarfjordur

The geology at the construction site has been assessed by gathering information
from a scientific geological reports by G.P.L. Walker. He and his team mapped the
bedrock of the Eastern Fjords, from field mapping, inspection of aerial photographs
and description of geological profiles as well as from core drilling, core logs and
permeability tests.

The mountains around Faskriudsfjordur and Reydarfjordur are part of the
tertiary basalt of Iceland. The mountainous ridge which divide Reydarfjordur and
Faskrudsfjordur is narrow at the outer end, relatively broad in the middle part and
again a bit narrower at the inner end, see Figure 5-3. The bedrock may be divided
into three sections; the lower basalt series, the central volcano and upper series.
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Figure 5-3: A map over Féskridsfjordur tunnel closest area [36]. Scale 1:200.000

The lower series consist of basalt and sedimentary interbeds forming cumulative
thickness of approximately 1000 m from Vattarnes in the east up to Séleyjartindur
west of Stadarskard. The dip of the regional strata is relatively high due to local
down sagging under the relict central volcano in addition to the regional dip of the
bedrock, see drawing 5 in Appendix 2.

On both sides of Reydarfjordur there are signs of a big relict central volcano
which is designated to Reydarfjordur and was rising at least several hundred
meters over the basalt plateau some 11 million years ago. The southern part of the
volcano transect the eastern part of the peninsula between Reydarfjordur and
Faskrudsfjordur exhibiting irregular rock units of various type and dip direction.
The rock consists of basalt and different acidic rock and sediments of various types
and thickness. All rocks in the area of Reydarfjordur volcano are unfavorable as
tunneling rocks [36].

The most suitable area for tunnel between Reydarfjodur and Faskriadsfjordur
are located west of the rock series belonging to the Reydarfjordur central volcano.
West of the Reydarfjérdur central volcano the strata was built up by regional
volcanism where the basalt layers were buried and wedged out against the sides of
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the central volcano. In the lowest part near Budir in Faskradsfjodur presented
series of thin tholeiite lavas belonging to the flanks of the central volcano are.
Above the central volcano tholeiites there exits two series of olivine basalt which
also belong to the existence of the volcano, which was almost buried in the regional
volcanism at this time. These olivine basalt series are compound flow series, above
these series the influence of the Reydarfjérdur central volcano disappear in the
strata toward west of the old mountain. Above the compound series are
approximately 150-200 m thick series of tholeiite basalt layer, frequently
intercalated with 1,3 — 2 m thick sediments of red sandstone. On the top of the
tholeiite series is approximately 15-30 m thick sediment of acidic tuff, named
Reydarfjordur acidic tuff. This sediment is unfavourable as a tunnelling rock. On
the top of the Reydarfjordur acidic tuff are almost 100 m thick series of relatively
massive tholeiite lavas intercalated with thin beds of reddish sandstone and tuff. In
this series the tunnel between Faskrudsfjordur and Reydarfjordur is located.
Resting on this tholeiit series are very thick sediments containing sandstone and
tuff and lignite, named Hoélmatindur acidic tuff. Above the Holmatindur acidic tuff,
the basalt lava pile continues with 200 — 300 m thick series of tholeiite basalts
within thin sedimentary interbeds [36].

Joints detected in the rock are mainly discontinuous joints formed by cooling of
the lava flows forming the basalts. Dikes are relatively few compared to average
dike intensity in the bedrock of the East fjords and common dike thickness is 2 — 8
m.

A rose diagram of tectonic features (faults, dike and tectonic joints) detected in
the mountains between Féskurdsfjordur and Reydarfjordur show the main trend
towards NNW-SSE, 340°-360° see Figure 5-4. Additional tectonic trend is heading
NE-SW, 40°. The tunnel route between Hriteyri and Dalir is located
approximately in the middle of the low dike intensity between the dike swarms of
the Reydarfjordur and Breiddalur central volcanoes, approximately 7 — 8 % dike
intensity. The tunnel route is almost parallel to the main tectonic direction in the
area. The dip of strata in the tunnel area is 5° [36].
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Figure 5-4: A Rose diagram for the construction area, J-J* presents the tunnel route [36].

A vertical section though the basalt layers on the tunnel route normally shows
approximately 20-25 % of compressed consolidated scoria at the top, 75-80 % of
the thickness is massive crystalline rock in the middle of the basalt and less than 5 %
of well compressed scoria at the base. The crystalline middle part exhibits normally
a relatively high uniaxial breaking strength, or frequently 5-10 times higher than
the scoria at the top and bottom and sediments, which show similar range of
breaking strengths. Figure 5-5 presents the geotechnical properties of the different

layers on the tunnel route [36].
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Figure 5-5: Typical properties of a basaltic lava section [36].
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5.3 Rock Support Systems in Faskriadsfjordur Tunnel

The Faskruadsfjordur tunnel was supported with shotcrete with and without steel
fibres and rock bolts, mainly grouted rebar rock bolts, but also CT-bolts and rock
bolts with a chemical anchor. At some places chain links were used between rock
bolts to increase the stability. The length of the rock bolts varies from 2,4-8 meters
[27].

Circumstances in the Faskrudsfjordur tunnel are quite special due to the great
overburden above and the orientation of fault zones is parallel to the tunnel route.
Because of this the Faskrudsfjordur tunnel is most the supported road tunnel in
Iceland except for the Hvalfjordur tunnel, which is located undersea [35].

The amount of rock bolts used in the Faskradsfjordur tunnel after secondary
support phase were 18.076 or 3,2 rock bolts per length meter. Estimated use of
rock bolts according to construction contract were 14.700 rock bolts or 2,6 rock
bolts per length meter which is a rise of 23%, see Figure 5-6. The estimated
amount of shotcrete used according the construction contract were 10.000 m? or 1,8
m?/m, but used shotcrete was 13.477 m® which is a rise of 35% [35], see Figure 5-7.
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Figure 5-6: Amount of rock bolts used in the Féskridsfjérdur tunnel [35].

Gunnar Arnar Gunnarsson 63 DTU-Byg, UoB-HI 2008



Master’s Thesis The Faskrudsfjordur Tunnel

2 |45 m3 of shotcrete used Shoterete used 13477 m?
¥ . |oneach portal at (average 2 4 m¥m) -
sialions 3816 and
8 1 | 9810 £ amotnt of sholorete ”J'fff
before construction - /

Amaount of shotcreta (rm¥rm)

8500 8750 9000 €250 9500

Figure 5-7: Amount of shotcrete used in the Faskridsfjordur tunnel [35).
5.4 Stress Measurements in Féaskridsfjordur Tunnel

During excavation of the Faskrudsfjordur tunnel, explicit signs of high rock
stress was encountered, the stress indications was exposed as rock spalling in stiff
layers and squeezing/collapse in weak sediments layers. The reason is great
overburden above the tunnel, where the mountain ridges rises to El. 1100 m a.s.l.
at highest point. The orientation of fault zones is also parallel to the tunnel route.
To get better understanding of the behaviour of the rock mass during excavation,
in situ rock stress measurements were carried out by SINTEF Ltd. at selected
locations in the tunnel [35].

Two different types of methods were applied to get an indication of actual stress
concentration near the tunnel, 2D (doorstopper) and 3D, overcoring methods. In
Appendix 2 a description of these two tests is given. The stress measurements were
performed at four different station in niches where the diameter of the tunnel is
about 11 meters. Borehole 1 (2D and 3D) is located at station 6530, borehole 2 (2D)
at station 7085, borehole 3 (2D and 3D) at station 7615 and borehole 4 (2D) at
station 4208. In borehole 2 at station 7085 no stress measurements were performed
due to extremely poor rock quality [38]. Table 5-1 and Table 5-2 presents the
results from the stress measurements and theoretical calculations of stress values
from the Féaskrudsfjordur tunnel. In Table 5-1 the dip of the vertical stresses is
given for stations 6530 and 7615, also the trend of the horizontal stresses from

north for same stations.
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Table 5-1: Results from stress measurements in the Faskridsfjérdur tunnel [38].

Station 6, [MPa] | 6nmex [MPa] | Ohmin [MPa] K™= K™
4208 (2D) 7.2 16,1 1,2 2,24 0,17
6530 (2D,3D) | 23/68° 11/170° 3/89° 0,48 0,13
7615 (2D,3D) | 15/14° 22/6° 2/96° 1,47 0,13

From Figure 5-4 it can be seen the orientation of the maximum horizontal
stresses is N-S, which is parallel to the tunnel route, that secure more stability
inside the tunnel. If the tunnel route had crossed the maximum horizontal stresses
plan, a very problematic condition would have occurred especially at tunnel roof
[35]. The difference between A= and K" states that the stress condition is
anisotropic.

Table 5-2: Theoretical stress values [38].

Station Gy,me0 [MPa) Onte0 [MPa] | Depth [m]
4208 (2D) 3 0,6 100
6530 (2D,3D) 19 4 670
7615 (2D,3D) 14,5 2,5 510

The theoretical stress values were calculated from
O-v,theo = p g ' h

L

Gh,theo = : O-v,theo
1-v

where the parameters are

h = vertical overburden (m)
v =0,16

g =981 m/s?

p = 2900 kg/m?

Table 5-1 and Table 5-2 states that vertical stresses coincides well, especially
stations 6530 and 7615, which were measured with both methods. The measured
maximum horizontal stresses give much higher values than the theoretical stresses
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for all three stations. However, the measured minimum horizontal stresses fits quite
well with the theoretically values.

According to the results from the stress measurement the most accurate
outcome were from stations 6530 and 7615. Consequently, these stations will be
modelled using the finite element program Phase2.
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6 Laboratory Tests

To have any idea about the behaviour of the rock mass due to external load the
mechanical properties have to been known. To gather these mechanical properties
core samples were transported from the Icelandic Road Administration at
Reydarfjordur to Denmark for laboratory testing. The core samples are from
borehole FF-04, which is 111,5 m deep and is located at station 7870 inside the
tunnel, see Figure 6-1. The borehole was drilled to map the situation of sediment
layers below the tunnel.
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Figure 6-1: Location of the borehole FF-04. Appendix 3 displays a larger figure [36].

Laboratory tests were performed at DTU and GEO. The collected core samples
were mainly scoria and sediments, and amount to twelve core pieces. Core pictures
and core logs are presented in Appendix 3, where rock cores are classified according
to lithology. Laboratory tests performed were brazil test, unconfined compression
test and triaxial test. The first two named were performed at GEO and the triaxial
test at DTU under guidance of PhD student Katrine Alling Andreason. A master
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student at DTU Hallgrimur Orn Arngrimsson was a participant in the laboratory
tests, writing a special project about volcanic rocks in Iceland.

6.1 Preparation for Laboratory Testing

The core samples from borehole FF-04 have the diameter 45 mm. The samples
were cut at GEO using a diamond disc. All core samples were cut according to
ISRM standard, the height of Brazil samples were cut half a diameter,
approximately 22 mm and for the Unconfined compression and Triaxial samples
the height was two times larger than the diameter, or 90 mm.

Figure 6-2: Core samples measured

All cores were measured and inspected
to get as many good samples as
possible. Height for Brazil samples is 22
mm and 90 mm for Unconfined

Compression and Triaxial tests.

Figure 6-3: Core sample cut in pieces

The core is installed in between steel
jaws to secure its stability. The
diamond disc is cooled down with cold
water during the action. The platform
with the sample can be controlled by

turning a winch.
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Figure 6-4: Sample polished

During cut off, some of the samples got
an edge, which must be polished to
surface plan by using sandpaper.

Figure 6-5: Sample compare with a setsquare

Both ends of the sample must be cut at
right angle to the longitudinal axis, so
the load will distribute equally on the
whole surface.

Figure 6-6: Samples marked

All samples were marked according to
the borehole and the depth they were
taken.
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Figure 6-7: Siltstone waste away during cut
off

Almost all the fine grained siltstones
core samples got ruined during the cut
off, due to a contact to water.

Figure 6-8: Workshop at GEO

Thesis author and Hallgrimur Orn
i cutting rock cores in workshop at GEO.

Figure 6-9: Samples water saturated

After all the process the test samples

which was attached to a wvacuum

. W
o -

samples saturated, in order to simulate

in-situ conditions.
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6.2 Brazil Test

The Brazil tests were performed at GEO. The test samples were mainly scoria
and sediments, but also some basalt samples. A total number of 25 samples were
tested. The test is used for indirect determination of the tensile strength of intact
rock. If a circular cylindrical sample is compressed along its diameter and strain
measured, failure occurs by an extension fracture in the loaded diametric plane at
some value of the applied load. The uniaxial tensile strength in MPa can be

estimated from

o, ~0,636-——
D-t (6.1)

where P is the applied load at failure in Newtons, D is the diameter and ¢ is the
thickness of the sample in mm. The test samples were handled according to ISRM
standard (Suggested Methods for Defining Tensile Strength of Rock Matreials,
pp:177-183) before and after testing [39]. Figure 6-10 and Figure 6-11 presents the

s

L
Geoteknisk Institut

Figure 6-10: Test setup for Brazil test, Figure 6-11: Scoria sample placed in between the two
includes a loading frame, a data logger, a  jaws, ready for testing.

load cell, a vertical strain gauge and a

computer.

Pictures of the test samples and the test results are presented in Appendix 4. For
further detailed descriptions of the test interpretations, reference is given to
Hallgrimur Orn Arngrimsson s report [40].
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6.3 Unconfined Compression Test

The unconfined compression tests were performed at GEO. The test samples
were 12, mainly scoria and sediments, but also some basalts samples. The vertical
compression load, P, is applied to the sample and the vertical strain, &; is
recorded. The estimated parameters are unconfined compressive strength o. and
Young s modulus Z.

P
o, =—
A (6.2)
E-2% 100
Ag, (6.3)

where P is load at failure in Newtons and A is the cross section area in square
millimetres. The test samples were handled according to ISRM standard
(Suggested Methods for Defining the Uniaxial Compression Strength and
Deformability of Rock Materials, pp:151-156) before and after testing [39]. The test
setup is the same as in the brazil test except for the disc shape jaws, instead the
specimen ends are connected to a vertical axis and a load cell, see Figure 6-12.

Geoteknisk Institut

Figure 6-12: The test setup is same as for Brazil test except for the disc shape jaws.
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Pictures of the test samples and the test results are presented in Appendix 4.
Further detailed descriptions of the test interpretations, reference is given to
Hallgrimur Orn Arngrimsson s report [40].

6.4 Triaxial Test

The triaxial tests were performed at DTU under guidance of Katrine Alling
Olufsen. The amount of test samples were four, but one of them failed during the
loading at the start so no results are available for that sample. The MTS
compression machine can provide a confining pressure up to 83 MPa, which is
applied with special oil in the test cell, see Figure 6-13. The test samples were
handled according to ISRM standard (Suggested Methods for Defining the
Strength of Rock Materials in Triaxial Compression, pp: 157-164 and Suggested
Methods for Defining the Complete Stress-Strain Curve for Intact Rock in Uniaxial

Compression, pp: 217-229) [39].

before and after testing, see Figure 6-14

Figure 6-13: The MTS compression Figure 6-14: Sandstone sample installed in the cell,

machine used for the triaxial testing. ready for testing. Extensometers positioned at each
side of the sample to measure radial and axial
strains.

Gunnar Arnar Gunnarsson 73 DTU-Byg, UoB-HI 2008



Master’s Thesis Laboratory Tests

Test procedure is as follows: The samples were loaded vertically with Aj-loading
where lateral strains Ae, and Aesare kept constant till the vertical stress (o)
reaches 15 MPa which is approximately the in-situ stress condition. Then the load
is decreased down to 3-5 MPa and reloaded with constant Arloading up to 15
MPa. At that point the confining pressure (o3) were kept constant and vertical
stress driven towards failure.

Sample nr.5 fractured during the vertical Aj-loading in the start so limited
results are available for that. Various parameters are interpreted from test results.
Pictures of the test samples and the test results are presented in Appendix 4. For
further detailed descriptions of the test interpretations, reference is given to

Hallgrimur Orn Arngrimsson s report [40].

6.5 Comparison to Dataset from Kéarahnjikar

A large laboratory test dataset from the headrace tunnel in the Karahnjikar
hydroelectric project was analysed as an intimation for strength properties of the
rock mass surrounding the Faskruadsfjordur tunnel. Karahnjikar is also located in
the eastern part of Iceland. The bedrock from Karahnjukar area is only about 6.5
million years old. However, the Féaskrudsfjordur bedrock is approximately 10
million years old, so the analyses should give a satisfactory approximation. In the
selection of the rock cores from the Faskrudsfjéordur tunnel the attention was kept
on scoria or porous basalts and sediments.

The method used for comparison was applied on limestone during preparation
for the studies in construction of the Citytunnel in Malmé [41], but has never been
applied to volcanic rock as known. The method comprehends plotting of various
strength properties; tensile strength, unconfined compression strength and Young’s
modulus on a logarithmic scale against bulk density for different rock types. Then,
strength parameters from different tests were combined using a method proposed
by Merete V. Madland [42]. The friction angle ¢ and the cohesion ¢ are calculated
according to

o4
@ =arcsin % (6.4)
9e 2
O,

c=+3c, (6.5)
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Table 6-1: Strength parameters from rock cores tested from the Féskrddsfjordur tunnel

Rock type o/MPa] | o.[MPa] | E[MPa] | ¢ [°] | c [MPa]
Tholeiite basalt 30 3,7 10621 425 6,4
Olivine basalt 24,5 2,2 9692 51,7 3,8
Scoria 16,1 1,7 7413 47,4 2.9
Sandstone 11,7 1,7 4190 35,9 3

Table 6-2: Strength parameters from Kérahnjikar project analysis [5].

Rock type 6 []MPa) | o;[MPa] | E [MPa] ¢ [°] | c [MPa]
Tholeiite basalt 193.,4 13,5 34088 56,9 23,4
Olivine basalt 168 12 29859 56,4 20,8
Scoria 23 4.7 4025 24.4 9,1
Sandstone 43,6 4 5000 429 7,1

Appendix 4 presents plots of the comparison between laboratory test results for
the Karahnjikar headrace tunnel and the Faskriadsfjordur tunnel. As seen from the
tables above and the plots, almost all strength parameters for the Faskradsfjordur
tunnel are much lower, e.g. unconfined compression strength for various basalts is
more than six times larger from Karahnjikar than Faskridsfjordur. On the other
hand, there is not so much difference between scorias. Also, the bulk density is
much lower for samples from Faskrudsfjordur. The reasons for high differences in
strength and bulk density may be related to the selection of porous rock cores from
Faskrudsfjordur tunnel, but the rock mass there is also older and its strength has
been reduced due to weathering and high stress conditions. Comparing the
laboratory test results from various sites with the values in Table 2-2, the
unconfined compression strength for different basalts from Karahnjikar suits well
to the fresh basalt given, but basalts from Faskrudsfjordur are showing much lower
strength.
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7 Numerical Analysis

7.1 Introduction

Initially, Plaxis VS was planned to be used in the modelling phase, but soon
some problems appeared when modelling various support systems. Then in
cooperation with Oddur Sigurdsson, a decision was made to use Phase2, which can
be used parallel with RocLab. Phase2 is a 2-dimensional elastic-plastic finite
element program for calculating stresses and displacements around underground or
surface excavations in rock or soil. PhaseZ2 offers a wide range of support modelling
options e.g. rock bolts and shotcrete. The program consists of three modules; model,
compute and interpret.

A basic model will be set up for a typical Icelandic mixed face tunnel in elastic
and elastic-plastic conditions to see how the program computes compared to the
theory, and also to give a clue for selection of mechanical properties for various
rock types and need of support. Then two different cross sections, station 6530 and
7615, from the Féaskrudsfjordur tunnel will be modelled and analysed. The rock
mass properties will be determined using the Karahnjikar properties discussed in
section 6.5, by use of RocLab, which will be used as input parameters in PhaseZ.

Displacement measurements in Icelandic tunnels have never been recorded
before and after excavation. A limited knowledge is available about this term, but
according to Icelandic geotechnical tunnel engineers the maximum displacement
should not exceed 10 mm [28],[43]. Consequently, the working goal has been that a
fully supported (rock bolt and shotcrete) model should not have more than 10 mm

in maximum total displacements.

7.2 Typical Icelandic Mixed Face Tunnel

Basic model of a typical Icelandic mixed face tunnel will be modelled for both
elastic and plastic conditions. A normal cross section from the Faskrudsfjordur
tunnel will be used, according to rock types, depth, dimensions of tunnel and
geometry of rock stratum etc. The same parameters will be used for the different
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models, except in the plastic phase, where some additional parameters will be
introduced. A plain strain model with three nodes was chosen. The amount of
mesh elements and nodes are 3625 and 1866 respectively. The failure criteria for
defining the strength of the rock mass is Mohr-Coulomb. A gravity field stress is
used, then initial element loading for each rock type will be field stress and body
force. Due to various A, values from stress measurements in the Faskrudsfjordur
tunnel, the A} value is estimated from Figure 3-9, and is set as 0,39.

The rock mass consists of basalt layer interbedded with relatively thin layers of
scoria and sandstone, which crosses the tunnel. The dip of the stratum is 5-7° and
the depth is 650 m. The tunnels width is 8,5 m and its height is 6,5 m, see Figure
7-1.

Tholeiite basalt /
3.000

y
=
| 3.500
[Thalcie baszi] | J x
6 500

@
o
=1
=]

Figure 7-1: Cross section of the basic model, the dimensions are in meters.

To evaluate the input parameters used in Phase2 the strength parameters from
the Karahnjikar project analysis, see Table 6-2, were processed in RocLab. This is
because the test samples are almost intact rock. Therefore it is preferable to reduce
the strength parameters in order to simulate rock mass conditions. Strength
parameters were evaluated for three different GSI values (75, 50, 25). In Table 7-1
other important input parameters used in RocLab are presented.
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Table 7-1: Additional parameters in RocLab

Rock type m; Y [MN/m?
Tholeiite basalt 25 0,028
Scoria 10 0,02141
Sandstone 17 0,01834

Other important input features for RocLab are following: The application is tunnel,
D is set to 0 as for undisturbed rock mass and the tunnel depth is 650 m. The unit

weight is almost in saturated condition.

7.2.1 Calculation Based on Elastic Model

One of the purpose of defining failure criterion parameters for an elastic rock
type, is to allow the calculation and plotting of strength factor. Even though an
elastic rock type in Phase2 does not “fail”; the failure criterion allows a degree of
overstress to be calculated.

Strength factor represents the ratio of available rock mass strength to induced
stress, at a given point. Consequently, rock element which has a strength factor
less than 1 will fail if left unsupported. The elastic model used for defining the rock
elastic properties is isotropic, which only requires Young’s modulus and Poisson’s
ratio. In Table 7-2, the input parameters from RocLab used in the elastic modelling
part are presented.

Table 7-2: Input parameters for elastic part modelled in Phase2.

GSI=75
Rock type E [MPa) v o [MPa)] 9 [] c [MPa)
Tholeiite basalt 27828 0,16 1,17 57,73 7,43
Scoria 3286 0,35 0,3492 36,95 1,92
Sandstone 4082 0,3 0,393 47,65 2,66
GSI=50
Rock type E [MPa] v o; [MPa) 0 [°] ¢ [MPa]
Tholeiite basalt 10471 0,16 0,18 52,02 4,11
Scoria 1236 0,35 0,053 30,07 1,186
Sandstone 1536 0,3 0,06 40,86 1,63
GSI=25
Rock type E [MPa] v c: [MPa) 9 [ c [MPa]
Tholeiite basalt 2040 0,16 0,027 44,38 2,57
Scoria 241 0,35 0,00805 2295 0,73
Sandstone 299 0,3 0,009 33,02 1,03
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It is clear, from Table 7-2, that a decrease in the strength parameters occurs
with lower GSI value, by using RocLab. The output from the modelling phase is
presented in Figure 7-2 - Figure 7-10. Strength factors, displacements and
deformations for different GSI values are compared.
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Figure 7-4: Strength factor for GSI=25.
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Figure 7-5: Total displacements for GSI=75, largest displacement is 7,1 mm.
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Figure 7-T7: Total displacements for GSI =25, largest displacement is 97 mm.
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Figure 7-10: Deformed boundaries and deformation vectors for GSI=25 (scale: x10).
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From Figure 7-2 to Figure 7-4, of the strength factor analysis, stability problems
are expected in the tunnel floor and the tunnel walls in the sandstone and the
scoria. No stability problems are visible in the tunnel roof and in the lower parts of
the walls in the tholeiite basalt region according to the strength factor analysis.

Largest displacements of the tunnel boundary are expected in the upper right
corner, in the barrier between the scoria and the sandstone, where displacements
vary from 7,1 mm to 97 mm for different GSI values. Considerable displacements
are visible in the roof and the floor.

With regards to deformations, see Figure 7-8 to Figure 7-10, the obvious
problematic zones are visible, the scoria and the sandstone layers will squeeze into
the tunnel. Considerable deformation will also occur as excepted in the tholeiite
zones in the roof and the floor. No deformation occurs in the lower parts of the

walls.

7.2.2 Calculation Based on Elastic-Plastic Model

For the elastic-plastic model part, same models as used in the elastic model part
will be analysed, for GSI 75, 50 and 25. Now, yielding is allowed and rock elements
can reach the plastic zones, so no rock elements can have strength factor less than
1, when yielding (failure) occurs. The strength factor is by definition equal to one.
So the yielded zone corresponds roughly to the zone where the strength factor is
less than 1 from the elastic analysis. Some additional parameters are used in the
elastic-plastic model part, dilation angle y, residual friction angle @,.vand residual

cohesion Cresia.
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Table 7-3: Input parameters for elastic-plastic part modelled in Phase2.

GSI=T75
Rock type E[MPa] | © | o[MPa] | ¢[°] | c[MPa] | W [] | @uesia [] | Cresia [MPa]
Tholeiite basalt | 27828 | 0,16 | 1,17 57,73 | 743 15 49 3
Scoria 3286 0,35 0,3492 36,95 1,92 4 32 0,5
Sandstone 4082 0,3 0,393 47,65 2,66 7 41 0,5
GSI=50
Rock type E [MPa] | V o [MPa] | 0[°] | ¢ [MPa] | W [] | @resia []] | Cresia [MPa]
Tholeiite basalt 10471 0,16 0,18 52,02 4,11 10 45 1
Scoria 1236|035 0053 | 3007 | 1,186 2 2% 0,2
Sandstone 1536 0,3 0,06 40,86 1,63 5 35 0,2
GSI=25
Rock type E[MPa] | © | o [MPa] | 0[] | ¢c[MPa] | W [] | @resia []] | Crecia [MPa]
Tholeiite basalt 2040 | 0,16 | 0,027 | 4438 | 257 10 35 0,25
Scoria, 241 035 | 000805 | 2295 | 073 0 17 0,1
Sandstone 299 0,3 0,009 33,02 1,03 0 27 0,1

Since all rock elements will now follow elastic-plastic behaviour, much larger
displacements are expected than from the elastic model part. The stress
distribution will also be more expansive. The output from the modelling phase is
presented in Figure 7-11 to Figure 7-19. There yielded elements, displacements and
deformations for the three different GSI values are compared.
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Figure 7-12: Yielded elements for GSI=50, total number of yielded elements=536.
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Figure 7-13: Yielded elements for GSI=25, total number of yielded elements=961.
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Figure 7-14: Total displacements for GSI=75, largest displacement is 16 mm.
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Figure 7-15: Total displacements for GSI=>50, largest displacement is 88 mm.
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Figure 7-16: Total displacements for GSI=25, largest displacement is 933 mm.
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Figure 7-19: Deformed boundaries and deformation vectors for GSI=25 (scale: x1).
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For GSI=75 and GSI=50 the tunnel wall regions are completely yielded, where
the sandstone and scoria crosses the tunnel opening, reaching few meters from the
tunnel walls into the rock mass. The tunnel floor has also yielded, but the tunnel
roof and the floor corners seems to have no yielding. For GSI=25 the whole rock
mass surrounding the tunnel opening is yielded, and the yielded zones stretch
almost 10 meters from the tunnel walls. This will cause severe problems during
supporting, e.g. installation of rock bolts, which have to be connected into a stable
rock to secure enough stability.

For both GSI=75 and GSI=50 the largest total displacements are in the tunnel
walls, in the barrier between the lower scoria and the sandstone. The displacements
for GSI=25 are 933 mm, which is very unrealistic in hard rock and it indicates that
collapse will occur, see Table 7-4.

It can be stated, from the figures above it is stated that the weaker rock types,
the scoria and the sandstone, will be problematic, since they will squeeze into the
tunnel opening. No special problems are related to the tunnel roof and the floor.
Figure 7-19 presents serious stability problems from the tunnel walls, which is

probably unworkable to support using rock bolts and shotcrete.

Table 7-4: Yielded elements and total displacements for various GSI values.

GSI | Yielded elements | Total displacement [mm)]
75 244 16
50 536 88
25 961 933

From this analysis it is clear that the GSI=25 parameter set is describing too
poor strength parameters for plastic conditions, causing is to be infeasible to
excavate tunnel is such kind of rock mass. In the next subchapters GSI=75 and
GSI=50 will be model in elastic-plastic condition and supported using rock bolts
and shotcrete.

7.2.1 Supported Elastic-Plastic GSI=75 Model

The tunnel will be supported with systematic bolting and full cover shotcrete,
see Figure 7-20. The material properties of rock bolts and shotcrete used in this
model are the same as used in the Faskriadsfjordur tunnel, see Table 7-5 and Table
7-6. Grouted rebar rock bolts are used, suitable length is 6 m in order to ensure
connection to a stable rock. The rock bolt pattern is radial which is generated from
the tunnel’s centre point, with 1 meter spacing in between. The amount of rock
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bolts is 27. The whole tunnel border is covered with 15 ¢m thick shotcrete, which is

very thick compared to normal use in Iceland.

5
—]

/|

Figure 7-20: Rock bolt pattern and shotcrete application.

Table 7-5: Material properties for the grouted rebar rock bolt.

Parameter Value
Bolt type Fully bonded
Diameter [mm] 20
Young’s modulus [GPa] 200
Peak capacity [MN] 0,15
Residual capacity [MN] 0,12

Table 7-6: Material properties for the shotcrete.

Parameter Value
Thickness [m] 0,15
Young’s modulus [MPa] 7875
Poisson ratio 0,2
Compressive strength , peak [MPa] 40
Compressive strength, residual [MPa] 5,6
Tensile strength, peak [MPa] 5,6
Tensile strength, residual [MPa] 0

From Figure 7-21 to Figure 7-29 the output for unsupported, systematic bolt
supported and combined support with systematic bolts and shotcrete (fully
support) are presented. Yielded elements, total displacements and deformation will
be compared for various support. Red colour in rock bolts and shotcrete elements
present yielding.
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Figure 7-21: Yielded elements for unsupported tunnel. Model GSI=75.
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Figure 7-23: Yielded elements for bolt and shotcrete supported tunnel. Model GSI=T75.
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Figure 7-24: Total displacements for unsupported tunnel. Model GSI=75.
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Figure 7-25: Total displacements for bolt supported tunnel. Model GSI=75.
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Figure 7-26: Total displacements for bolt and shotcrete supported tunnel. Model GSI=75.

Gunnar Arnar Gunnarsson 91 DTU-Byg, UoB-HI 2008



Master’s Thesis Numerical Analysis

Toral
Displacement
[n]

0.0000
0.0014
0.0028
0.0042
0.0056
0.0070
0.0084
0.0098

.'A\

0.0112
0.0126
0.0140
0.0154

0.0168

o>

N Iy

- 3 5 0 3 5 E 10 12 1

Toral

Displacement

[n]
0.0000
0.0013
0.0026
0.0039
0.0052
0.0065
0.0078
0.0091

&
-,,‘\

~ LT

0.0104
0.0117
0.0130
0.0143

0.0156

AN

- 3 5 0 3 5 E 10 12 1

Total

Displacement

[n]
0.0000
0.0011
0.0022
0.0033
0.0044
0.0055
0.0066
0.0077
0.0088
0.0099
0.0110
0.0121

0.0132

y/
f
3
3
3
¥
)/
1

e

- 3 5 0 3 5 & 10 12 1

Figure 7-29: Deformed geometry for bolt and shotcrete supported tunnel. GSI=75 (scale: x20).
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Minor yielding is expected in the roof and floor corners. However, major yielding
is visible in the center of the floor and in the tunnel walls in the weaker rock
layers, the scoria and the sandstone. Yielded rock elements reach 2 meters from the
tunnel walls into the rock mass. From unsupported to systematic bolt supported,
the number of yielded elements decreases from 244 to 235, application of shotcrete
reduces the amount of yielded elements to 201. Yielded rock bolts presented in the
tunnel walls, show that the number of rock bolts in these regions is not sufficient.
Four rock bolts should be applied in each of the walls to minimize yielding. Only
one shotcrete element in upper right wall presents yielding, so additional 2-5 cm of
shotcrete on that spot would probably prevent yielding.

It is clear that the largest total displacements are in the tunnel walls, in the
lower scoria and the sandstone. For unsupported tunnel the total displacements are
16,4 mm in the tunnel walls but in and at other regions, the total displacements
are somewhere below 10 mm. For fully supported tunnel the maximum total
displacement is 12,4 mm on the left wall between the scoria and the sandstone. By
applying additional rock bolts in that region, the total displacement could be
reduced to 10 mm.

From Figure 7-27 to Figure 7-29, it can clearly be seen how the deformations
decreases between different support stages.

Table 7-7: Yielded elements and total displacements for various support types for GSI=T75.

GSI=75 Yielded elements | Total displacement [mm]
Unsupported 244 16,4
System bolted 235 15,3
System bolted + shotcrete 201 124
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7.2.2 Supported Elastic-Plastic GSI=50 Model

In the elastic-plastic GSI=50 model the same presuppositions are used as in the
elastic-plastic GSI=75 model, except mechanical properties for various rock types
differs, see Table 7-3. From Figure 7-30 to Figure 7-38, the output from the
modelling is presented.
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Figure 7-32: Yielded elements for bolt and shotcrete supported tunnel, GSI=>50.
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Figure 7-33: Total displacements for unsupported tunnel, GSI=50.
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Figure 7-35: Total displacements for bolt and shotcrete supported tunnel, GSI=>50.
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Figure 7-38: Deformed geometry for bolt and shotcrete supported tunnel, GSI=50 (scale: x5).
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Yielded elements are widely surrounding the tunnel opening. However, some
spots on the tunnel roof presents no yielding. The longest distance from a tunnel
wall through yielded zone is 5 meters, in the scoria and the sandstone. Yielded
elements reduces from 536 for the unsupported model to 440 for the fully
supported model. Almost all the support elements in the walls are yielding, marked
in red colour. This states that the number of rock bolts and the thickness of
shotcrete is insufficient and/or more stiffness is needed in the support elements.

The locations of the total displacements are the same as for the elastic-plastic
GSI=75 model but they are much larger. The total displacements decreases from
88 mm for the unsupported model to 61,4 mm for the fully supported model.
According to Figure 7-35, the largest displacements are expected in the left wall at
the lower scoria layer. It seems quite unrealistic to minimise the maximum total
displacement below 10 mm for elastic-plastic GSI=50 model.

From Figure 7-36 to Figure 7-38 a reduction of the deformation is clear. A great

refinement is presented at the roof corners.

Table 7-8: Yielded elements and total displacements for various support types for GSI=>50.

GSI=50 Yielded elements | Total displacement [mm]
Unsupported 536 88,0
System bolted 490 74,8
System bolted + shotcrete 440 61,4

The results from the elastic-plastic GSI=75 and GSI=50 models states that a
combined use of Phase? and RocLab might give a reliable results for a typical
Icelandic tunnel conditions. According to acceptable maximum total displacements
of 10 mm and below, the elastic-plastic GSI=50 gives too large displacements and
therefore the rock mass properties are not sufficient. In the next subchapters, two
different cross sections from the Faskriadsfjordur tunnel will be modelled with
elastic-plastic GSI=T75.
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7.3 The Féskradsfjordur Tunnel — Station 6530

Station 6530 is located approximately 2,6 km inside the tunnel from
Reydarfjordur portal at El. 113 m a.s.l, see Figure 7-39. A regular cross section of
the Faskrudsfjordur tunnel is 52 m?, but at station 6530 a niche is placed giving an
area of 75 m? with approximately 11 m wide and 6,5 m high tunnel, see Figure 7-40.
The geology at station 6530 consist of tholeiite basalt at the roof underlain by red
sediment interbedded between scoria, and then tholeiite basalt from the middle of
the cross section to the floor, see Figure 7-40. No visual joints or fault systems were
shown in the geological mapping from the contractor, which supports the use of
GSI=T75, see Appendix 5.
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Figure 7-39: Cross section part of the Faskridsfjérdur tunnel from Reydarfjérdur side, station
6530 is located on the right side of the figure [36].

The cross section used in the modelling is made from design drawings and cross
section measurements from the contractor, see Appendix 5. The model setup is the
same as for the typical Icelandic mixed face tunnel model for plastic condition,
except for the amount of mesh elements and nodes, 2331 and 1197 respectively. A
constant stress condition will also be applied with a load splitting between two
stages. According to stress measurement made by SINTEF a large anisotropy
stress conditions appears, so a constant stress condition will be applied, see Table
5-1. In the typical Icelandic mixed face tunnel model the installation of supports is
carried out immediately after excavation so no displacements take place prior to
the installation of supports, which is not realistic. Installation of supports starts
usually two to four hours after blasting. Then, most of the deformations have

Gunnar Arnar Gunnarsson 99 DTU-Byg, UoB-HI 2008




Master’s Thesis

Numerical Analysis

already occurred [27]. In this model the load splitting is divided between two stages.
In the first stage, 80% of the field stress induced load is applied, then rock bolts
and shotcrete are applied. Finally in the second stage, 20% residual field stress

induced load is applied. This application gives an approximation, see Figure 4-6.

The input parameters used for this model are presented in Table 7-9.

Table 7-9: Input parameters for station 6530 in Phase2.

GSI=T75
Rock type E [MPa] V | o6:[MPa] | 0[] | c[MPa] | w[] | Oresia []] | Cresia [MPa]
Tholeiite basalt 27828 0,16 1,17 57,73 7,43 15 49 3
Scoria 3286 035 0,3492 | 36,95 1,92 4 32 0,5
Sandstone 4082 03 | 0393 | 4765 2,66 7 41 0,5

The material properties for rock bolts and shotcrete used in this model are the

same as used in the typical Icelandic mixed face tunnel model, see Table 7-5 and

Table 7-6. Figure 7-40 presents the tunnel cross section at station 6530.
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Figure 7-40: Tunnel cross section of station 6530, the dimensions are in meters.
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7.3.1 Practical Support at Station 6530 in Faskrddsfjordur Tunnel

By utilizing rock bolts and shotcrete reports from the contractor and the
supervisor, the cross section from station 6530 with various supports will be
modelled. Appropriate pages from the support reports can be found in Appendix 5.

The grouted rebar rock bolts were installed using spot bolting, not systematic
bolting as in the typical Icelandic mixed face tunnel model. A total amount of 10
rock bolts were used. Eight of them were 5 meters long and two of them were 2
meters long. The thickness of the shotcrete was 11,4 c¢m, based on calculations
from the shotcrete report, see Figure 7-41.

Figure 7-41: Support setup for station 6530, based on rock bolts and shotcrete reports.

From Figure 7-42 to Figure 7-50 a comparison is made of three various models;
unsupported model, model with 80% of the stress relief and full supported model
with full stress relief. The comparison is based on yielded elements, total
displacements and deformations.
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Figure 7-44: Yielded elements for full supported and full stress relieved model from station
6530.
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Figure 7-47: Total displacements for full supported and full stress relieved model from station
6530.
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Figure 7-50: Deformed geometry for full supported and full stress relieved model from station
6530 (scale: x30).
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The tunnel opening is covered with yielded elements, except for some spots near
the floor corners and the left side of the roof. In the worst case the yielded
elements reaches seven meters from the tunnel walls into the surrounding rock
mass. A sign of a yielded rock bolt on the left wall states that more rock bolts are
needed in that wall. There are no signs of yielded shotcrete elements which secures
stability of the tunnel.

The maximum total displacement is expected in the red sediment layer. The
displacement becomes 19,7 mm for unsupported model, but 19,6 mm for full
supported and full stress relieved model. Only 0,1 mm difference is quite small and
states that there is insufficient support in that region, but other regions around the
tunnel range from 8 mm to 10 mm which to be seems sufficient.

The deformation on the tunnel opening is parallel to the total displacements,
Figure 7-48 to Figure 7-50 presents how the weaker layers, the scoria and the red
sediment, squeeze into the tunnel like in the typical Icelandic mixed face tunnel

model. The tholeiite basalt is very stable, as seen at the roof and the floor.

Table 7-10: Yielded elements and total displacements for various models from station 6530.

Station 6530 Yielded elements | Total displacement [mm]
Unsupported 668 19,7
80% stress relieved 609 14,9
Full supported and full stress relieved 639 19.6

7.3.2 Supplementary Support for Station 6530

After further analysis of the practical supports at station 6530 in the
Faskradsfjordur tunnel it is clear that three rock bolts yielded but none shotcrete
element, see Appendix 6. This states that some supplementary support is needed
and will be added in the model to prevent large total displacements. The tunnel
segments which need additional supports are located in the red sediment layer
below the tunnel roof, other segments are about 10 mm or lower. The same rock
bolts and shotcrete will be used as in previous models, but the amount of rock
bolts and the thickness of the shotcrete will be increased. An attempt is made to
install the rock bolts in stable rock, avoiding installation in the yielded zone. Two
different supplement models will be modeled.
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Supplementary Support Model 1

The model consist of three additional rock bolts in each tunnel wall and two
additional rock bolts in the roof. The thickness of the shotcrete in kept the same,
or 11,4 mm. Figure 7-51 presents the rock bolts from the practical support (1-10)
and the additional rock bolts (11-18).

Figure 7-51: Rock bolts from the practical support (1-10) and additional rock bolts (11-18).
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Figure 7-52: Axial force in rock bolts in the tunnel walls in supplementary support model 1.

The axial force in the rock bolts in the tunnel walls is displayed in Figure 7-52.
It is seen on the figure bolts nr. 3, 4, 12, 13 presents yielding. The maximum total
displacement decreases down to 19,2 mm in the right tunnel wall from 19,6 mm in
the practical supported model. For the left wall the total displacement decreases
from 16,2 mm to 15,2 mm. In Appendix 6 the bending moment for the shotcrete
liner is displayed.
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Supplementary Support Model 2

The supplementary supported model 2 will be extended from supplementary
supported model 1. Two rock bolts will be installed in the red sediment layer at
each tunnel wall and the thickness of the shotcrete will be increased from 11,4 mm
to 15 mm. That amount of shotcrete is rarely used, unless where conditions are

Very poor.

Figure 7-53: Rock bolt setup, additional rock bolts (19-22).
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Figure 7-54: Axial force in rock bolts in the tunnel walls in supplementary support model 2

As seen in Figure 7-54 yielding occurs in rock bolts nr. 4, 12, 19 and 20. All
these bolts are installed in the left tunnel wall. No bolt is yielding in the right
tunnel wall where the maximum total displacement is 19,0 mm. The maximum

total displacement is 14,4 mm for the left wall. Table 7-11 presents the maximum
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total displacement in the red sediment layer in each tunnel wall. In Appendix 6 the
bending moment for the shotcrete liner is displayed.

Table 7-11: Maximum total displacements in red sediment layer in left and right wall.

Model Disp. in left wall [mm] | Disp. in right wall [mm]
Practical support model 16,2 19,6
Supplementary support model 1 15,2 19,2
Supplementary support model 2 14,4 19,0

The difference in maximum total displacement is not large, especially for the red
sediment in the right tunnel wall, additionally, it is impracticable to minimize the
displacement using current rock bolts and shotcrete. There are many possible
reasons for this little difference they will be presented in the discussion chapter.
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7.4 The Féskridsfjordur Tunnel — Station 7615

Station 7615 is located approximately 2,2 km inside the tunnel from the
Faskradsfjordur portal at El. 123 m a.s.l., see Figure 7-55. As stated before a niche
is placed at station 7615. The tunnel cross section area is approximately 75 m?
being the same as station 6530. The dimensions for station 7615 are displayed in
Figure 7-56. The geology around the station consists of tholeiite basalt with two
meter thick scoria layer at the roof. No visual joints or faults systems are presented
in the geological mapping from contractor which support the use of GSI=75, see
Appendix 5.
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Figure 7-55: Cross section part of the Féskridsfjérdur tunnel from Faskridsfjordur side,
station 7615 is located on the left side of the figure [36].

The cross section used in the modelling is made from design drawings and cross
section measurement from the contractor, see Appendix 5. The model setup is the
same as station 6530. The number of mesh elements is 1802 and there are 932
nodes. The input parameters for tholeiite basalt and scoria are retrieved from
Table 7-9 and the material properties for the rock bolts and the shotcrete are given

in Table 7-5 and Table 7-6.
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Figure 7-56: Tunnel cross section of station 7615, the dimensions are in meters.

7.4.1 Practical Support at Station 7615 in Faskradsfjordur Tunnel

By utilizing rock bolts and shotcrete reports from the contractor and the
supervisor, a cross section from station 7615 with various supports will be
modelled. Appropriate pages from the support reports can be find in Appendix 5.

Nine grouted rebar rock bolts were installed with spot bolting, the length of
each of them is four meters. The thickness of the shotcrete is 5,1 cm, based on
calculations from the shotcrete report, see Figure 7-57.

Figure 7-57: Support setup for station 7616, based on rock bolts and shotcrete reports.

From Figure 7-58 to Figure 7-66 a comparison of three various models;
unsupported model, model with 80% of the stress relief and full supported model
with full stress relief is presented. The comparison is based on yielded elements,
total displacement and deformation.
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Figure 7-60: Yielded elements for full supported and full stress relieved model from station
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Figure 7-63: Total displacements for full supported and full stress relieved model from station
7615.
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Figure 7-66: Deformed geometry for full supported and full stress relieved model from station
7615 (scale: x40).
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The scoria layer in the tunnel roof has completely yielded, same as for upper
part of the tunnel walls. A condition like this could have serious risk of downfall
from the roof. No yielding zones appear in the tunnel floor. No rock bolts or
shotcrete elements are yielding which secure the stability of the tunnel. The
number of yielded elements decrease from 366 for unsupported to 354 for fully
supported.

The maximum total displacement are expected in the corners of the tunnel roof,
from the scoria. Other tunnel parts have maximum total displacement lower than
10 mm. But maximum total displacement in the unsupported model is 16,5 mm
and 16,7 mm for the fully supported model, which looks a bit confusing but could
be caused by the 80/20 load splitting.

The deformation figures state how the scoria layer in the roof and the tunnel
walls “falls” into the tunnel. Little as none deformation seems to be in the centre

tunnel roof and the tunnel floor.

Table 7-12: Yielded elements and total displacements for various models from station 7615.

Station 7615 Yielded elements | Total displacement [mm]
Unsupported 366 16,5
80% stress relieved 351 13,3
Full supported and full stress relieved 354 16,7

7.4.2 Supplementary Support for Station 7615

The same problem is in station 7615 as in station 6530 where weak rock layer is
resulting in too large displacements, in this case a scoria layer in the tunnel roof.
After further analysis on the practical support model, rock bolt nr. 3 presents
yielding, see Appendix 6. In order to decrease the maximum total displacement,
some supplementary support is needed. The attention will be on the roof corners in
the scoria layer. Since other tunnel segments displayed total displacement below 10
mm. The same rock bolts and shotcrete will be used as in the practical supported
model, but the amount of rock bolts and the thickness of the shotcrete will be
increased. An attempt is made to install the rock bolts in stable rock, in order to
avoid installation in yielded zone. Two different supplementary models will be
modeled.
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Supplementary Support Model 1

The additional rock bolts were all installed in the roof corners where the largest
displacements took place in the practical support model. The number of rock bolts
is six, three in each roof corner, and the length is unchanged, or four meters. The
shotcrete thickness is still 5,1 mm. Figure 7-67 presents the rock bolt setup.

Figure 7-67: Rock bolts from the practical support (1-9) and additional rock bolts (10-15).
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Figure 7-68: Axial force in rock bolts in the tunnel roof corners in supplementary support
model 1.

According to Figure 7-68, rock bolt nr.12 yields from tunnel wall to
approximately one meter into the rock mass. The rock bolt is located in the left
corner which states that more rock bolts are needed at that region. Rock bolt nr.12,
which is placed beside rock bolt nr.3 in the left tunnel wall, has obviously taking
some of the load from rock bolt nr.3 in the practical support model. The maximum

total displacement reduces to 16,5 mm in the right tunnel roof corner from 16,7
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mm in the practical supported model. For the left roof corner the total
displacement decreases from 15,2 mm to 14,7 mm.
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Supplementary Support Model 2

The supplementary supported model 2 will be extended from supplementary
supported model 1. Two additional rock bolts will be installed in each corner of the
tunnel roof and the thickness of the shotcrete will be increased from 5,1 ¢m to 15,0

cm. That amount of shotcrete is rarely used, unless where conditions are very poor.

Figure 7-69: Rock bolt setup, additional rock bolts (16-19).
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Figure 7-70: Axial force in rock bolts in the roof corners for supplementary support model 2.

As seen in Figure 7-70, bolt nr.12 does still yield, even though additional rock
bolts have been installed. The maximum total displacement in the right roof corner
tunnel is 16,4 mm and 14,7 mm for the left roof corner.

Table 7-13 presents the maximum total displacement in the scoria layer in each

roof corner.
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Table 7-13: Maximum total displacements in scoria layer in left and right roof corner.

Model Disp. in left roof corner [mm] | Disp. in right roof corner [mm]
Practical support model 15,4 16,7
Supplementary support model 1 14,7 16,5
Supplementary support model 2 14,7 16,4

The total displacements in the roof corners are following the same pattern as the
red sediment in the tunnel walls from station 6530. The decrease in displacements
is very small and against expectations. The possible reasons for this little
differences can be many and will be discussed in next chapter.

7.5 Discussion

All models states that weaker rock types, scoria and sediments, surrounding the
tunnel do not support the desired load and deform and squeezes into the tunnel
opening.

The decrease in maximum displacements for supplementary support models for
stations 6530 and 7615,
consideration that the results from the typical Icelandic mixed face tunnel model

are not as excepted. Especially when taken into

for elastic-plastic conditions and GSI=75 gave difference of 4 mm between
unsupported and fully supported models. Some modifications were made on the
supplementary supported models to explore this little difference in displacements.
Strength and stiffness properties for rock bolts and shotcrete were put as high as
possible, but the change in displacements did not exceed half a millimetre.
Different ratios of load splitting were also utilized but gave same outcome.

The main difference between the practical supported models from stations 6530
and 7615 and the typical Icelandic mixed face tunnel model is the tunnel width
and the surface shape. The tunnel opening for practical support models are made
from cross section measurements causing rough surface but the typical Icelandic
mixed face tunnel model has an arc-shaped roof which will distribute the stress
field more equally over the whole tunnel surface.

The large deformations obtained may relate to underestimated choice of v, @esia
and cusic for the weaker rock types, especially for scoria. Compared to laboratory

test results from the Faskrudsfjordur tunnel, the strength properties for scoria are
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much higher than the values used in the modelling. This shows that further work is
needed in parameter evaluation for the weaker rock types.

The practical support used in stations 6530 and 7615 is sufficient, despite the
modelling showed 19,6 mm and 16,7 mm as maximum displacements. Some rock
bolts obtained yielding but at both sites the shotcrete liner carried the rest of the
load and secured safe stability. It suggests that the upper limit of 10 mm for
maximum displacement may be an underestimated choice.

In the supplementary support models for stations 6530 and 7615 the maximum
displacements did not decrease according to expectations, which state that the
practical support used is the optimal support according to this analyses. The cost
of the additional support in supplementary support models is more than two times
higher than in the practical supported models and did not reduce the

displacements.
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8 Conclusion

All models state that weaker rock types, scoria and sediments, surrounding the
tunnel, do not support the desired load and react to deform and squeeze into the
tunnel opening. This, of course, can cause serious instability problems, especially if
such layers are placed in tunnel walls and roof. As seen from models with GSI=75,
the total displacements for tholeiite basalt are quite small and do rarely exceed 10
mm, which states that excavation in pure basalt would only need minimum of

support.

The parameters used for elastic-plastic models must be taken with precaution,
due to uncertainty of v, ¢reia and Gesia. Due to the lack of hard data, the limitation
of important input parameters is great and further parameter analyses are needed,
especially for scoria.

From the comparison of laboratory test results from the headrace tunnel of
Karahnjukar hydroelectric project and the Faskrudsfjordur tunnel, the difference is
obvious. Strength and stiffness parameters for different rock types from the
Faskruadsfjordur tunnel are much lower, particularly for the various basalts where
unconfined compression strength is more than six times larger in the samples from
Karahnjukar than Faskrudsfjordur. For scoria, the difference is not much which
underlines that the used strength and stiffness properties in the modelling were too
low. The possible reason for this gap between the two sites, is a selection of porous
rock cores from the Faskriadsfjordur tunnel and older rock mass in Faskrudsfjordur
which has reduced its strength cause of weathering and high stress conditions.

It can be stated that the practical support used in the Féaskrudsfjordur tunnel,
for both stations 6530 and 7615, is well optimised despite of the maximum
displacements exceeding 10 mm. Some rock bolts presented yielding but at both
sites the shotcrete liner carried the rest of the load and secured safe stability. The
supplementary support models for both stations did not decrease the maximum

displacements as expected. The cost for the additional support is more than two
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times higher than in the practical supported models. The use of additional bolts

gives no significant reduction in convergence.

In general it is the conclusion of the modelling work that Phase2 works well. It
is recommended for future works to emphasise on more rock stress measurements
and more rock mechanical testing to provide better data for the convergence
modelling work. Especially, the used GSI evaluation and definition of residual
values calls for concurrent calibration of actual tunnelling sites with face logging
and support strategy applied.

Using numerical analyses in estimation of the need of acceptable support can be
profitable. But as always in modelling, the input data has to be as in-situ like as
possible, to get reliable results. In every model there is always a certain amount of
important factors needed, which are obtained by conservative guessing or taken
from practical point of view due to the lack of hard data. Rock support needs in
Icelandic underground structures are estimated from visual inspection at site and
use of the NGI tunnel quality index. Using a finite element program, similar to
Phase2, can give an invaluable findings in the preliminary studies which can
prevent unforeseen situations. But however, some improvements are still needed in
adjusting the rock classification systems and the finite element programs to

Icelandic circumstances.
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9 Future work

v’ Use Phase2 in cooperation with responsible engineering geologist

concurrently at site in order to optimise bolt position and bolt alignment.

v' Make further triaxial tests on weaker rock types, scoria and sediments, to
obtain more reliable residual values after peak value of compression strength

using constant deformation rate.

v" Use measuring points set up by surveyors for the tunnel alignment to obtain
time series of convergence in order to refine the load splitting support
strategies.

v' Make an analysis on how different load splitting ratio affects the same cross

section.
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1. Appendix

This appendix contains a parameter description of various types of rock classification

system from chapter 4.1. in the thesis and also figure from RocLab

Parameter description of RSR, rock structure rating.
Parameter description of RMR, rock mass rating.
Parameter description of NGI tunnelling quality index.

Determination of GSI for heterogeneous rock.

D N N N N

Figure from the computer program RoclLab.
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Table 1-1: Parameter description of RSR, rock structure rating.

Table 4.1: Rock Structure Rating: Parameter 4: General area geology

Basic Rock Type
Hard  Medium  Soft Decomposed Geological Structure

Igneous 1 2 3 4 Slightly Moderately Intensively
Metamorphic 1 2 3 4 Folded or Fclded or Folded or
Sedimentary 2 3 4 4 Massive Faultad Faulted Faulred
Type 1 30 22 15 9
Type 2 27 20 13 a
Type 3 24 18 12 7
Type 4 19 15 10 6

Table 4.2: Rock Structure Rating: Parameter B: Joint pattern. direction of drive

Strike 1 to Axis Strike || to Axis
Direction of Drive Cirection of Drive
Both With Dip Against Dip Either direction

Dip of Prominent Joints @

Dip of Prominent Joints

Average joint spacing Flat  Dipping  Vertical Dipping  Vertical Flat Dipping Vertical
1. Very closely jointed, < 2 in 9 11 13 10 12 9 9 7
2. Closely jointed, 2-5 in 13 16 19 15 17 14 14 11
3. Moderately jointed, 6-12 in 23 24 28 19 22 23 23 19
4. Moderate to blocky, 1-2 ft 30 32 36 25 28 30 28 24
5. Blocky to massive, 2-4 ft 36 38 40 33 35 36 24 28
6. Massive, = 4 1t 40 43 45 37 40 40 38 34

Table 4.3: Rock Structure Rating: Parameter C: Groundwater. joint condition

Sum of Parameters A + B
13-44 45-75

Anticipated water inflow Joint Condition P

gpm/1000 ft of tunnel Good Fair Poor Good Fair Poor
None 22 18 12 25 22 13
Slight, = 200 gpm 19 15 9 23 19 14
Moderate, 200-1000 gpm 15 22 7 21 16 12
Heavy, = 1000 gp 10 8 6 18 14 10

4 Dip: flat: 0-20°; dipping: 20-50°; and vertical: 50-90°

b Joint condition: good = tight or cemented: fair = slightly weathered or altered; poor =
open

severely weathered, altered or

Gunnar Arnar Gunnarsson 2
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Table 1-2: Parameter description of RMR, rock mass rating.

Table 4.4: Rock Mass Rating System (After Bieniawski 1989).

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameter
—

Rgnae of values

Point-load For this low range -
Strength | o ath ind =10 MPa 4-10 MPa 2-4MPa 1-2MPa uniaxial compressive
of strength index test is preferred
1 | intactrock | Uniaxial comp. >250 MPa 100 - 250 MPa 50 - 100 MPa 25- 50 MPa 5-2511-5 | <1
material _|strength MPa | MPa | MPa
Rating 15 12 7 4 2 1 0
Drill core Quality RQD 90% - 100% 75% - 90% 50% - 75% 25% - 50% < 25%
2 Rating 20 17 13 8 3
Spacing of discontinuities >2m 06-2.m 200 - 500 mm 60 - 200 mm < 60 mm
3 Rating 20 15 10 8 5
Very rough surfaces | Slightly rough Slightly rougn Slickensided surfaces | Soft gouge =5 mm
Not continuous surfaces surfaces ar thick
Condition of discontinuities |No separation Separation < 1 mm  |Separation <1 mm  |[Gouge < 5 mm thick or
4 (See E) Unweathered wall Slightly weathered Highly weathered or Separation > 5 mm
Jrock walls walls Separation 1-5mm | Continuous
Continuous
Rating 30 25 20 10 0
Inflow per 10 m None <10 10-25 25-125 > 125
tunnel length (I/m)
Ground |(Joint water press)y/
5 | water |(Maor principal o) 0 <0.1 0.1,-02 02-05 >05
General conditions Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
B. RATING ADJUSTMENT FOR DISCONTINUITY ORIENTATIONS (See F)
Strike and dip orientations Very favourable Favourable Fair Unfavourable Very Unfavourable
Tunnels & mines 0 2 5 -10 -12
Ratings Foundations 0 2 7 -15 25
Slopes 0 5 25 -50
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 100 « 81 80 — 61 60 — 41 40 < 21 <21
Class number | I T v v
Description Very good rock Good rock Fair rock Poor rock Very poor rock
D. MEANING OF ROCK CLASSES
Class number | I T v v
Average stand-up time 20 yrs for 15 m span | 1 year for 10 m span | 1 week for 5 m span | 10 hrs for 2.5 m span | 30 min for 1 m span
Cohesion of rock mass (kPa) > 400 300 - 400 200 - 300 100 - 200 <100
Friction angle of rock mass (deg) > 45 35-45 25-35 15-25 <15
E. GUIDELINES FOR CLASSIFICATION OF DISCONTINUITY conditions
Discontinuity length (persistence) <1m 1-3m 3-10m 10-20m >20m
Rating 6 4 2 1 0
Separation (aperture) None < 0.1 mm 0.1-1.0mm 1-5mm >5mm
Rating 6 5 4 1 0
Roughness Very rough Rough Slightly rough Smooth Slickensided
Rating 6 5 3 1 0
Infilling (gouge) None Hard filing < 5 mm | Hardfiling > 5mm | Softfiling <5mm | Softfiling > 5 mm
Rating 5 4 2 2 0
Weathering Unweathered Slightly weathered Moderately Highly weathered Decomposed
Ratings 5 5 weathered 1 0
3
F. EFFECT OF DISCONTINUITY STRIKE AND DIP ORIENTATION IN TUNNELLING**
Strike perpendicular to tunnel axis Strike parallel to tunnel axis
Drive with dip - Dip 45 - 90° Drive with dip - Dip 20 - 45° Dip 45 - 90° Dip 20 - 45°
Very favourable Favourable Very unfavourable Fair

Drive against dip - Dip 45-90°

Drive against dip - Dip 20-45°

Dip 0-20 - Irrespective of strike®

Fair

Unfavourable

Fair

* Some conditions are mutually exclusive . For example, if infilling is present, the roughness of the surface will be overshadowed by the influence of
the gouge. In such cases use A.4 directly.
** Modified after Wickham et al (1972).
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Table 1-3: Guidelines for excavation and support of 10 m span rock tunnels in accordance with the
RMR system (After Bieniawski 1989).

Rock mass

Excavation

Rock bolts

Shoterete

Steel sets

RMR: 41-60

1.5-3 m advance in top heading.
Commence support after each
blast.

Complete support 10 m from
face.

long, spaced 1.5-2m
in crown and walls
with wire mesh in
oW,

class (20 mm diameter, fully
grouted)
I- Very good Full face Generally no support required execept spot bolting
4= o rr r Ir =
rock 3 m advance.
RMR: 81-100
II - Good rock | Full face, Locally, bolts in crown | 50 mumn in None.
RMR: 61-80 1-1.5 m advance. Complete 3 m long, spaced 2.5 erown where
support 20 m from face. m with ocecasional required.
wire mesh.
III - Fair rock Top heading and bench Systematic bolts 4 m 50-100 mm | None.

in crown and
30 mm in
sides.

IV - Poor rock
RMR: 21-40

Top heading and bench

1.0-1.5 m advance in top
heading.

Install support concurrently
with excavation, 10 m from face.

Systematic bolts 4-5 m
long, spaced 1-1.5m
in crown and walls
with wire mesh.

100-150 mm
in crown and
100 mm in
sides.

Light to medium
ribs spaced 1.5 m
where reguired.

WV — Very poor
rock
RMR: <20

Multiple dritts 0.5-1.5 m
advance in top heading.

Install support concurrently with
excavation. Shoterete as soon as
possible after blasting.

Systematic bolts 5-6 m
long, spaced 1-1.5m
in crown and walls
with wire mesh. Bolt
mvert.

150-200 mm
in crown,
150 mm in
sides, and 50
mm on face.

Medium to heavy
ribs spaced 0.75 m
with steel lagging
and forepoling if
required. Close
mvert.
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Table 1-4: Parameter description of NGI tunnelling quality index.

Table 4.6: Classification of individual parameters used in the Tunnelling Quality Index Q (After
Barton et al 1974).

DESCRIPTION VALUE NOTES
1. ROCK QUALITY DESIGNATION RQD
A Very poor 0-25 1. Where RQD is reported or measured as < 10 (including 0),
B. Poor 25-50 a nominai vaiue of 10 is used {o evaiuale Q.
C. Fair 50-75
D. Good 75-90 2. RQD intervals of 5, i.e. 100, 95, 90 etc. are sufficiently
E. Excellent 90 -100 accurate.
2. JOINT SET NUMBER Jn
A. Massive, no or few joints 0.5-1.0
B. One joint set 2
C. One joint set plus random 3
D. Two joint sets 4
E. Two joint sets plus random 6
F. Three joint sets 9 1. For intersections use (3.0 x Jp,)
G. Three joint sets plus random 12
H. Four or more joint sets, random, 15 2. For portals use (2.0 x J,)
heavily jointed, 'sugar cube’, etc.
J. Crushed rock, earthlike 20
3. JOINT ROUGHNESS NUMBER ..;'r
a. Rock wall contact
b. Rock wall contact before 10 cm shear
A. Discontinuous joints 4
B. Rough and irregular, undulating 3
C. Smooth undulating 2
D. Slickensided undulating 15 1. Add 1.0 if the mean spacing of the relevant joint set is
E. Rough or irreguiar, planar 1.5 greater than 2 m.
F. Smooth, planar 1.0
G. Slickensided, planar 0.5 2. Jp=0.5 can be used for planar, slickensided joints having
¢. Mo rock wall contact when sheared lineations, provided that the lineations are oriented for
H. Zones containing clay minerals thick 1.0 minimum strength.
enough to prevent rock wall contact (nominal)
J. Sandy, gravely or crushed zone thick 1.0
enough to prevent rock wall contact (nominal)
4. JOINT ALTERATION NUMBER Ja ¢r degrees (approx.)
a. Rock wall contact
A. Tightly healed, hard, non-softening, 0.73 1. Values of ¢r, the residual friction angle,
impermeable filling are intended as an approximate guide
B. Unaltered joint walls, surface staining only 1.0 25-35 to the mineralogical properties of the
C. Slightly altered joint walls, non-softening 2.0 25-30 alteration products, if present.
mineral coatings, sandy particles, clay-free
disintegrated rock, etc.
D. Silty-, or sandy-clay coatings, small clay- 3.0 20-25
fraction (non-softening)
E. Softening or low-friction clay mineral coatings, 4.0 8-16
i.e kaoclinite, mica. Also chlorite, talc, gypsum
and graphite etc., and small quantities of swelling
clays. (Discontinuous coatings, 1-2 mm or less)
Gunnar Arnar Gunnarsson 5 DTU-Byg, UoB-HI 2008
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Table 1-5: Parameter description of NGI tunnelling quality index.

Table 4.6: (cont'd.) Classification of individual parameters used in the Tunnelling Quality Index

O (After Barton et al 1974).

DESCRIFTION VALUE NOTES
4, JOINT ALTERATION NUMBER 45 ¢r degrees (approx.)
b. Rock wall contact before 10 cm shear
F. Sandy particles, clay-free, disintegrating rock efc. 40 25-30
G. Strongly over-consolidated, non-softening 6.0 16 - 24
clay mineral filings (continuous < 5 mm thick)
H. Medium or low over-consolidation, softening 8.0 12-16
clay mineral filings (continuous < 5 mm thick)
J. Swelling clay filings, i.e. montmorillonite, 8.0-120 6-12
(continuous < 5 mm thick). values o J
depend on percent of swelling clay-size
particles, and access to water.
¢. No rock wall contact when sheared
K. Zones or bancs of disintegrated or crushed 5.0
L. rock and clay (see G, H and J for clay a0
M. conditions) 8.0-12.0 6-24
N. Zones or bands of silty- or sandy-clay, small 50
clay fraction, non-softening
Q. Thick conlinuous sones on bands of clay 10.0-13.0
P. &R. (see G.H and J for clay conditions) 6.0-24.0
5. JOINT WATER REDUCTION Jw appros. water pressure (kgffcmz}
A. Dry excavation or minor inflow i.e. < 5 I/fm locally 1.0 <10
B. Medium inflow or pressure, occasional 0.66 1.0-25
outwash of joint fillings
C. Large inflow or high pressure in competent rock 0.5 25-100 1. Factors C to F are crude estimates;
with unfilled joints increase J,,, if drainage installed.
D. Large inflow or high pressure 0.33 25-100
E. Exceptionally high inflow or pressure at blastng, 0.2 0.1 =10 2. Special problems caused by ice formation
decaying with ime are not considered.
F. Exceptionally high inflow or pressure 0.1-0.05 =10
6. STRESS REDUCTION FACTOR SRF
a. Weakness zones intersecting excavation, which may
cause loosening of rock mass when tunnel is excavated
A. Multiple occurrences of weakness zones containing clay or 100 1. Reduce these values of SRF by 25 - 50% but
chemically disintegrated rock, very loose surrounding rock any only if the relevant shear zones influence do
depth) not intersect the excavation
B. Single weakness zones containing clay, or chemically dis- 50
tegraled rock (excavation depth = 50 m)
C. Single weakness zones containing clay, or chemically dis- 25
tegrated rock (excavation depth > 50 m)
D. Multiple shear zones in competent rock (clay frae), loose 75
surrounding rock (any depth)
E. Single shear zone in competent rock (clay free). (depth of 2.0
excavation < 50 m)
F. Single shear zone in competent rock (clay free). (depth of 25
excavation > 50 m)
G. Loose open joints, heavily jointed or 'sugar cube', (any depth) 2.0

Gunnar Arnar Gunnarsson
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Table 1-6: Parameter description of NGI tunnelling quality index.

Table 4.6: (cont'd.) Classification of individual parameters in the Tunnelling Quality Index QO

(After Barton et al 1974).

P. Mild swelling rock pressure

R. Heavy swelling rock pressure

DESCRIPTION VALUE NOTES
6. STRESS REDUCTION FACTCR SRF
b. Competent rock, rock stress problems
ooy 0404 2. For strongly anisotropic virgin stress field
H. Low sfress, near surface > 200 =13 25 (if measured). when &<g,/65<10, reduce o,
J. Medium stress 200-10 13 - 0.66 1.0 to 0.80; and g to 0.80;. When oy/a5 > 10,
K. High stress, very tight structure 10-5 066-0233 05-2 reduce o, and o to 0.60,. and 0.6q;, where
(usually favourable to stability, may 0, = unconfined compressive strength, and
be unfavourable to wall stability) o = tensile strength (point load) and ; and
L. Mild rockburst (massive rock) 5-25 033-0168 5-10 o4 are the major and minor principal stresses.
M. Heavy rockburst (massive rock) <25 <0.16 10-20 3. Few case records available where depth of
¢. Squeezing rock, plastic flow of incompetent rock crown below surface is less than span width.
under influence of high rock pressure Suggest SRF increase from 2.5 to 5 for such
N. Mild squeezing rock pressure 5-10 cases (see H).
0. Heavy squeezing rock pressure 10-20

d. Swelling rock, chemical swelling activity depending on presence of water

5-10
1M0-15

ADDITIONAL NOTES ON THE USE OF THESE TABLES

tables:

When making estimates of the rock mass Quality (Q), the following guidelines should be followed in addition to the notes listed in the

1. When borehole core is unavailable, RQD can be estimated from the number of joints per unit volume, in which the number of joints

per metre for each joint set are added. A simple relationship can be used to convert this number to RQD for the case of clay free
rock masses: RQD = 115 - 3.3 J,, (approx.), where J,, = total number of joints per m° (0 < RQD < 100 for 33 > J,, > 4.9).
- The parameter J,, representing the number of joint sets will often be affected by foliation, schistosity, slaty cleavage or bedding efc. If

strongly developed, these parallel 'joints' should obviously be counted as a complete joint set. However, if there are few 'joints'
visible, or if only occasional breaks in the core are due to these features, then it will be more appropriate to count them as ‘random’
Jjoints when evaluating Jn.

. The parameters Jf’ and JB (representing shear strength) should be relevant to the weakest significant joint set or clay filled
discontinuity in the given zone. However, if the joint set or discontinuity with the minimum value of JFUG is favourably oriented for

stability, then a second, less favourably oriented joint set or discontinuity may sometimes be more significant, and its higher value of
JiJd4 should be used when evaluating Q. The value of JJJ; should in fact relate to the surface most likely to allow failure to initiate.

- When a rock mass contains clay, the factor SRF appropriate to loosening loads should be evaluated. In such cases the strength of
the intact rock is of little interest. However, when jointing is minimal and clay is completely absent, the strength of the intact rock may
become the weakest link, and the stability will then depend on the ratio rock-stressirock-strength. A strongly anisotropic stress field
is unfavourable for stability and is roughly accounted for as in note 2 in the table for stress reduction factor evaluation.

. The compressive and tensile strengths {G’c and {}'t) of the intact rock should be evaluated in the saturated condition if this is

appropriate to the present and future in situ conditions. A very conservative estimate of the strength should be made for those rocks
that deteriorate when exposed to moist or saturated conditions.

Gunnar Arnar Gunnarsson 7 DTU-Byg, UoB-HI 2008
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tion of GSI for heterogeneous rock mass such as flysch.

Determina

Master’s Thesis

Table 1-7.

-

fillings

DTU-Byg, UoB-Hf 2008

slickensided surfaces with compact

coatings or fillings with angular

fragments
sided or highly weathered surfaces

VERY POOR - Very smooth slicken-
with soft clay coatings or

GOOD - Rough, slightly

FAIR - Smooth, moderately
waathered and allerad surfaces
FOOR - Very smooth, occasionally

weathered surfaces

s

GS| FOR HETEROGENEOUS ROCK MASSES SUCH AS FLYSCH
(Marinos.P and Hoek. E, 2000) -
From a deseription of the lithology, structure and surface conditions (particularly 5 c o
of the bedding planes), chaose a box in the chart, Locate the position in the box i m £4
that cormesponds to the condition of the discontinuities and estimate the average 2z o m,.m
value of GS| from the contours. Do not attempt to be too precise. Quoting arange  © ..m g ]
from 33 to 37 is more realistic than giving GSI = 35, Note thal the Hoek-Brown mﬁm e
criterion does not apply fo structurally controlled failures, Where unfavourably Z £ = 3 m
oriented continuous weak planar discontinuities are present, these will dominate m ] 3 m m
the behaviour of the rock mass. The strength of soma rock masses is reduced by | _m gl of
the presence of groundwater and this can be allowed for by a slight shift tathe Oz m m m
right in the columns for fair, poor and very poor conditions, VWater pressure does i m = P
not change the value of GS| and it is dealt with by using effective stress analysis. mn__ wi m m
COMPOSITION AND STRUCTURE @0l [ &
W | A Thick bedded, very blocky sandstone \
w0 The effect of peitic coatings on the hedding 70
| planes is minimized by the confinement of
X \ | the rock mass. In shallow lunnels or slopes
7 these bedding planes may cause structurally
— | controfied instality.
— W v E Weak
/8 sand- | C. Sand- ‘] siltstone
| stone with stone and A or clayey
thin inter- 9.__5.33» i | shate with
layers of |2 similar sandsiong
| siltstone 4| amounts A layers
C,D, E and G - may be more or //ﬁ
less folded than llustrated but || F. Tectonically deformed, infensively
this does not changa the strength. foldedfautted, sheared clayey shale
Tectonic deformation, faulting and # or siltstone with broken and deformed
loss of continuity moves these sandsione layers forming an almost
categories to F and H. chaolic structure
G. Undisturbed silty H. Tactonically defarmed silty ar
or clayey shale wifh clayey shale forming & chaotic
or without a few very structure with pockets of clay.
thirt sandstone layers Thin layers of sandstone are
transformed info small rock pieces.

—> : Means deformation after tectonic disturbance

Gunnar Arnar Gunnarsson
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Table 1-8: Guideline for estimating disturbance factor D.

Description of rock mass

Suggested value of D

Appearance of rock mass

Excellent quality controlled blasting or
excavation by Tunnel Boring Machine results

in minimal disturbance to the confined rock D=0
mass surrounding a tunnel.

Mechanical or hand excavation in poor quality

rock masses (no blasting) results in minimal

disturbance to the surrounding rock mass. D=0
Where squeezing proble ms result in significant

floor heave, disturbance can be severe unlessa | D=10.5
temporary invert, as shown in the photograph, | No invert
is placed.

Very poor quality blasting in a hard rock tunnel

results in severe local damage, extending 2 or 3

m, in the surrounding rock mass. D=0.58
Small scale blasting in civil engineering slopes | D =107
results in modest rock mass damage, Good blasting
particularly if controlled blasting is used as

shown on the left hand side of the photograph. | D= 1.0

Howewver, stress relief results in some
disturbance.

Poor blasling

Very large open pit mine slopes suffer
significant disturbance due to heavy production
blasting and also due to stress relief from
overburden removal.

In some softer rocks excavation can be carried
out by ripping and dozing and the degree of
damage to the slopes is less.

D=1.0
Production blasting

D=0.7
Mechanical excavation

Gunnar Arnar Gunnarsson
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2. Appendix

This appendix contains maps, long sections and cross sections from the construction

area of the Faskrudsfjordur tunnel. Also a descriptions of two different types of overcoring

rock stress measurement tests and key figures for the Faskrudsfjordur tunnel.

v

<

<

AN

Map of locations and geology at the neighbourhood closes to the
construction area.

Geological longitudinal section of Faskrudsfjordur-Reydarfjardar peninsula.
Geological cross section of Faskrudsfjordur-Reydarfjardar peninsula where
the tunnel are excavated.

Detailed geological cross section from Reydarfjordur side of the tunnel route.
Detailed geological cross section from Faskrudsfjordur side of the tunnel
route.

Description of 2D rock stress measurements by overcoring.

Description of 3D rock stress measurements by overcoring.

Key figures for Faskrudsfjordur tunnel.

Gunnar Arnar Gunnarsson 11 DTU-Byg, UoB-HI 2008
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2-dimensional Rock Stress Measurements by Overcoring

The doorstopper is now fixed tothe hole and initial reading (0 recordmg} is done.

T"I‘I |n1:‘|'n"|nﬂ i‘nnl < rnrnnunrl ﬂ“l" *l’lﬂ nn." ic rﬂﬂf‘\l fnr nunrmrlnn

Lp=E= 1 LRe L8 S veLe o 1o 3 Eana e iy

A new core is drilled with the 76 mm @ diamond drill, thus stress relieving the bottom of
the borehole. The corresponding strains at the end of the core are recorded by the strain
gauge rosette.

The coreis catched with a special core catcher, and immediately after removal from the hole
the second recording is done. From the recorded strains the stresses in the plane normal to

the borehole, may be calculated when the elastic parameters determined from laboratory
tests are known.

Contact Plastic mass

"Doorstopper /—1\\3

%

Strain gauge rosette

Cross and lon
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3-D IN-SITU ROCK STRESS MEASUREMENTS BY OVERCORING

| R R R T e

4 36mma

A diamond drill hole (76 mm outer diameter) is drilled to wanted depth. The hole bottom is
flattened with a special drill bit, and a concentric hole with smaller diameter (36 mm o.d.) is
drilled approximately 30 cm further.

Compressed air

Cable

I

The measuring cell is inserted with a special installing tool containing an orienting device and
a cable to read-out unit. The instrument head is putin place with detachable aluminium rods.
Compressed air is used to expand the ceii in the hoie, and the sirain gauges are cemented io
the hole wall.

The measurlng celli

r._ B D12 a s Bm ] B

taniing o is réimov

The small hole is overcored bythe larger diameter bit, thus stress relieving the core. The
corresponding strains are recorded by the strain gauge rosettes.

The coreis catched with a bDEL:d I COle cdwener, and IIIIIIEUIdI.EIV after reimovai
the second recording is done. From the recorded strains the stresses may be calculated when

the elastic parameters determined from biaxial- and laboratory tests are known.

€y

MEASURING CELL nama mi e ing L L LONGITUDINAL -
CROSS SECTION
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Table 2-1: Summation of different construction parts for Féskrdidsfjordur tunnel [35).

Part Amount | Unit
Road fill layer 392.000 | m?
Road top layer 106.000 | m?
Drain 770 m
Excavate for portals 18.000 m?
Excavate tunnel 330.000 | m?
Rock bolts 18.000 piece
Shotcrete 13.600 m?
Water lining 15.400 m?
Concrete in portals 1.910 m?
Framework in portals | 9.400 m?
Cast iron in portals 205.000 | kg
Pipes 55.300 m
Electric wires 70.700 m
Lights 550 piece
Lining 67.700 m?
Gunnar Arnar Gunnarsson 19 DTU-Byg, UoB-HI 2008
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3. Appendix

This appendix contains a geological cross section map of borehole FF-04, also pictures of

rock cores from borehole FF-04.

v" Cross section of the mountain ridge, display the location of the borehole FF-04.
v" Core log from FF-04 and RF-04.

v Pictures of core boxes from borehole FF-04.

v

Pictures of selected rock cores for the laboratory tests.

Gunnar Arnar Gunnarsson 20 DTU-Byg, UoB-HI 2008
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Figure 3-1: Core logs from FF-04 and RF-04.
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Figure 3-3: Core boxes 3-4.
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Figure 3-4: Core boxes 5-6.

Figure 3-5: Core boxes 7-8.
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Figure 3-6: Core boxes 9-10.

Figure 3-7: Core boxes 11-12.
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Selected cores for laboratory testing.

Fr-04
Olivine thaleiite
FF-04 11,50~ 31,90 m
SLUrla
1,00~ 18,45 m

Y
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Selected cores for laboratory testing.

FF-0Y
Olivine tholeiite
31-31m
EF-OH
FE-0Y Tholeiite basalt
Sworia Lo,10 = 40,50 m

33,15 - 33,65 m
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Selected cores for laboratory testing.

FF-04

Scoria
41,50~ 4180 m
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Selected cores for laboratory testing.

FF-0Y4
SO-V\dSi'Or\(;
e o 0 s Al
5(.'.m\§~,tt ne Sandstone
13,10~ 14,30 m 82 15- 83,45 m
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4. Appendix

This appendix contains results from laboratory tests from headrace tunnel in Karahnjikar

hydroelectric project and laboratory testing on rock cores from borehole FF-04 drilled in

the Faskrudsfjordur tunnel.

v

AN NN Y N N NN

Scope and number of laboratory testing from Karahnjikar headrace tunnel, tests
standards and legends for test tables.

Labortory test results from borehole FF-04 drilled in the Faskrudsfjordur tunnel.
Labortory test results from headrace tunnel in Karahnjikar hydroelectric project.
Pictures from brazil test.

Plots from unconfined compression test.

Pictures from unconfined compression test.

Plots from triaxial test.

Pictures from triaxial test.

Comparison of laboratory test results from Karahnjikar headrace tunnel and

Faskrudsfjordur tunnel.
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Table 4-1: Scope and number of laboratory testing from Kérahnjikar headrace tunnel.
Sandstone | Conglo- Tholeiitic | Olivine Porphyritic | Andesite | Scoria
/Siltstone | merate basalt basalt basalt
Unconfined
compressive 37 40 | 34 71 50 7 24
strength
Tensile strength 18 14 8 17 13 1 3
Specific gravity 34 39 24 37 26 7 7
Bulk density 34 39 1 66 48 7 24
Porosity 34 39 24 37 26 7 7
Slake durability 1 15 0 0 0 0
Young modulus 10 3 18 36 25 0 18
Poisson's ratio 7 1 5 14 9 0 6
0
Drill rate index ‘ 5 basalt samples from FS-30, FS-31, FS-32, Fs- |
| 33, FV-1 (old borehole) |
CERCHAR 70 2 |6 8 11 |
LCPC 4 0 | 3 4 |

Few further testing, including CERCHAR and LCPC was performed on various méberg

types (pillow lava, breccia, cube jointed basalt, agglomerate).

Table 4-2: Tests standards from Kérahnjtikar headrace tunnel.

and porosity

TEST STANDARD

Unconfined compression ASTM D 3148-86

Young's modulus and Poisson's ratio ASTM D 3148-86 and D 4543-85
Schmidt hammer ISRM

Tensile strength ASTM D 3967-86 and ASTM D 4543-85
Bulk density, apparent specific gravity ASTM D127 and [ISRM

Slake durability Manufacturer's (ELE) operating mstructions
and ISRM
Point load tests ISRM
Gunnar Arnar Gunnarsson 31 DTU-Byg, UoB-HI 2008
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Table 4-3: Legends to following tables.
TB: Tholeiite basalt for: fine grained cgl: conglomeratic
OB: Olivine basalt mgr: medium grained |  |hy: hyaloclastic matrix
PB: Porphyritic basalt cgr: coarse grained ph: porphyritic
AN: ‘Andesite
PW: Pillow lava d: dense h: orphyritic
BRC: Breccia flw: tlow banded um:  pumiceous
SC: Scoria h: homogeneous sd: sandy
MB: Moberg irr: irregular st: silty
AGG: Agglomerate - jointed tff: tuffaceous
CG: Conglomerate mp: MICrOPOrous
SD: Sandstone mss: massive
ST: Siltstone p: orous
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Table 4-4: Laboratory test results for borehole FF-04.

Sulk Elasticity Poisson
specific | Bulk specific Water Tensile Elasticity modulusE | Poisson ratic v

Lab Core | Sample nr. Depth Lithology | Height | Diameter | D/H | gravity | gravity (5SD) | content | Porosity | strength | Ucs | modulus £ (50%) ratiov | (50%) | ko Creep index Brazil | Uniax | Triax

] Il Il Im] Il [cm] lem] [ | lg/em3] lg/cm3] (%] 1%] (MPa] | [MPa] [GPa] [GPa] 8 8 5] [%/time log cycle] | [] I-] -]
GEO2008 | FFO4 39 18,0-18,02 0B 2,215 4,469 2,02 2,608 2,740 4,63 12,7 6,011 X
GEQ2008 | FFO4 38 18,05-18,07 SC 1,946 4,469 2,30 2,443 2,620 6,55 17,2 1,981 X
GEOZ008 [ FFO4 27 18,15-18,17 5C 2,289 4,457 1,55 2,021 2325 13,94 30,2 0,000 X
GEO2008 | FFO4 23 18,17-18,20 SsC 2,321 4,466 1,92 2,021 2326 13,93 30,1 0,878 X
GEO2008 | FFO4 31 18,4-18,42 SC 2,272 4,474 1,97 2,011 2309 12,67 29,5 1,849 X
GEO2008 | FFO4 40 18,45-18,47 SC 2,206 4,469 2,03 1,948 2,196 10,92 24,3 1,335 X
GEO2008 | FFO4 35 31,61-31,63 SC 2,256 4,462 1,98 2,350 2,543 718 18,4 1,619 X
GEO2008 | FFO4 24 31,81-31,83 5C 2,302 4,462 1,94 2,281 2497 847 21,2 2,213 X
GEO2008 | FFO4 42 32,09-32,11 SC 4,462 1,93 2,311 2,499 7,13 18,0 1,554 X
GEQ2008 | FFO4 26 33,52-33,54 SC 4,463 1,35 2,152 2393 9,83 23,7 0,789 X
GEO2008 | FFO4 34 33,5-33,52 SsC 4,461 1,98 2,149 2403 10,30 24,8 1,079 X
GEO2008 | FFO4 32 40,37-40,39 B 4,459 1,94 2,509 2657 533 14,3 4,301 X
GEO2008 | FFO4 41 40,39-40,41 B 4,464 1,96 2,500 2661 5,67 15,2 3,052 X
GEO2008 | FFO4 22 41,67-41,69 SC 4,463 1,92 2,348 2,535 761 19,3 4,205 X
GEO2008 | FFO4 25 41,69-41,71 SC 4,463 2,00 2,133 2361 938 22,3 2,218 X
GEOQ2008 | FFO4 29 50,24-50,26 sC 4,457 1,94 2,270 2485 843 21,0 1,677 X
GEO2008 | FFO4 37 50,26-50,28 SC 4,473 1,98 2,243 2430 7,40 18,3 0,868 X
GEQ2008 | FFO4 43 50,37-50,39 sC 4,459 1,38] 2,170 2407 9,58 23,2 3,048 X
GEO2008 | FFO4 28 51,19-51,21 oB 2,293 4,464 1,95 2,450 2,604 567 14,9 2,083 X
GEO2008 | FFO4 30 51,21-51,23 oB 2,282 4,465 1,96 2,282 2493 826 20,7 0,521 X
GEO2008 | FFO4 33 51,37-51,39 o8 2,257 4462 |198] 2293 2,485 7,40 18,7 1,133 X
GEO2008 | Fro4 36 51,39-51,41 0B 2,360 4,459 189| 2,334 2521 716 18,3 1,111 X
GEQ2008 | FFO4 20 83,25-83,27 sD 4,471 1,85 2,294 2479 722 18,0 1,224 X
GEO2008 | FFO4 21 83,4-83,42 sD 4,472 1,82] 2,261 2459 8,57 21,1 1,527 X
GE02008 | £F04 a4 84,0-84,02 sD 4468 | 194l 2311 2472 6,21 15,7 2,383 X
GEOZ2008 | FFO4 12 18,03-18,12 SC 4,468 0,50| 2,001 2301 12,94 29,8 4,745 2,004 X
GEO2008 | FFO4 8 31,63-31,72 SC 4,462 0,50| 2,331 2536 8,05 20,1 12,711 5,804 X
GEO2008 | FFO4 11 31,72-31,81 SC 4,463 0,50 | 2,268 2485 873 22,2 8,978 7,099 X
GEO2008 | FFO4 4 32,0-32,09 sC 4,465 0,49 2,344 2546 778 19,8 14,048 8,002 X
GED2008 1 FFO4 2 32,20-32,21 sC 4,460 0,49 2,080 2336 10,84 25,4 7,492 3,750 X
GED2008 | FFO4 7 40,41-40,50 B 8,998 4,459 0,50 2,594 2742 530 14,5 30,022 10,621 X
GEO2008 | FFO4 6 41,71-41,80 SC 8,983 4,452 0,50| 2,280 2500 836 20,9 44,500 16,385 X
GEO2008 | FFO4 10 50,31-50,40 sC 8,990 4,451 0,50| 2,256 2485 910 22,6 20,498 8,847 X
GEO2008 | FrO4 13 51,10-51,19 OB 9,010 4,464 0,50 2,612 2,756 4,64 12,8 40,853 17,045 X
GEQ2008 | FFO4 19 51,28-51,37 0B 8,998 4,460 0,501 2,314 2542 885 22,5 8,176 2,340 X
GEO2008 | FFO4 15 83,35-83,44 SD 9,034 4,468 0,49 2,299 2,498 7.82 19,5 13,041 5,134 X
GEO2008 | FFO4 17 84,1-84,19 SD 9,046 4,468 0,49 2,360 2544 711 18,1 10,335 3,245 X
DTU2008 | Fro4 5 18,1-18,15 5C 8,543 4,462 o50| 1,952 2292 1£83 34,0 X
DTU2008 | FFO4 3 31,52-31,61 SC 8,943 4,454 0,50 2,324 2,535 8,30 21,1 16,393 13,333 0,132 0,194 0,107 0,00852 X
DTU20608 | FrO4 i4 50,28-50,37 5C 5,623 4,563 0,49 2,261 2,488 .11 22,6 14,525 12,648 5,184 0,155 G,110 G,00668 X
DTU2008 | FFO4 16 84,20-84,29 SD 9,011 4,466 0,50 2,281 2482 7,90 19,6 14,706 13,699 0,167 0,194 0,070 0,00299 X
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Table 4-5: Laboratory test results for Kérahnjikar headrace tunnel.

LRel}lal‘lm ) IApparent  Bulk LBII].k k’ois- [Elasticity
Lab DH-No [From To Suite  [Lithology |to (‘(,)re IL/D ves Tensile Water specific specific  |specific P.OI‘O- Slake, . [Phi  |son modulus |Triax [Uniax
Jitholozy Diam. lab strength |content eravity vty feravity (SSD) sity  (durability atio |
- - m m - - - mm - MPa MPa % kg/m? lkg/m’ kg/m* % % i - GPa - -
BRI2001 FV-46  |36,60 36,92 B PB 44,60 2,23 117 1,68 8822 2740.5 2789.7 4.9 X
BRI2001 FV-46  [74,10 74.40 1B B 44,66 12,21 217 0.71 29725 2920.3 29379 1.8 X
IBRI2001 &:\7—46 131,60 131.80 IB OB 44,20 2,25 133 1,63 3003.1 28122 28758 6,4 X
IBRI200! V-46 136,20 136.45 IB 5C 44.64 12,23 38 3.15 27181 22783 24407 16,3 X
IBRI2001 [FV-46 175,80 176.20 IML B 44.39 2,22 249 1,90 3014.9 2764,1 28472 8.3 X
IBRI2001 57\’-46 208,85 209.10 ML SC 44.27 2,24 13 3.74 8724 2284.0 2488.8 20.5 X
BRI2001 FV-46 222,40 222.70 ML TB 44,42 2,23 264 1.06  [043.5 29524 29824 3.0 X
IBRI2001 FV-46  [236,95 237.25 ML SD 44.28 2,25 49 21.96 12778.6 1558.0 19973 44.2 X
[BRI2001 h'--m 308,60 30895 ML G 14,42 1224 37 9.74 30019 21941 24632 27.0 Y
IBRI2001 FV-46  [330,90 331.10 ML B 44.51 2.23 264 1.35 3038.8 2937.6 2970.9 B.3 X
IBRI2001 FV-46  [340.45 340.65 ML SD 44.43 2,23 52 17.65 [2802.1 1706.,6 2097.7 39.2 X
BRI2001 FV-46  |385.70 385.90 ML SD 44.46 2,23 35 26,05 2728.7 1481.7 1938.7 46.0 X
IBRI2001 FV-46 456,00 1456.27 IML 1B 44,47 2,23 199 0,86 3032.1 2934.2 29606.5 3.2 X
IBRI2001 Fv-46 475,35 475,55 VL B 44,52 2,23 123 1.43 3023.0 2890,2 2934,2 #.4 X
IBRI2001 FV-46  [489.60 489.80 ML CcG for 44.64 2.24 29 6.66 2753.9 2034.9 2295.6 26.0 X
IBRI2001 FV-46  [555.24 555.50 ML B 44.74 2,22 203 1.79 3001.5 2828.6 2886.2 5.7 X
BRI2001 FV-46  |585.40 585.60 ML B 44.71 2,22 278 1.04 P973.3 2895.6 2921.7 2.6 X
BRI2001 FV-47 21,35 21.65 LA PB far.d.h 44.77 2,23 245 0.11 30722 2934.9 2979.6 4.5 X
BRI2001 FV-47 156,10 56,50 LA B for flwirr 44,76 2,23 138 1.09 (30243 2909.0 2947.1 3.8 X
IBRI2001 5:\"—47 68,45 68,65 LA OB for.d.h 44,75 2,22 248 0,54 B3011.0 2926.5 29546 2.8 X
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Table 4-6: Laboratory test results for Kérahnjikar headrace tunnel.

&{cmarks . IApparent iBulk bu!_k Pois- [Elasticity
Lab DH-No [From |To Suite [Lithology [to C<‘>1'e IL/D ves Tensile  [Water specific specific  [specific Pioro- Slake‘ . Phi Json |modulus  [Triax [Uniax
lithology Diam. lab strength  content ravity avity  laavity (SSD) sity  (durability a0 5

- - m m - - - mm - [MPa MPa % kg/m® &{gf‘m3 o/m’ % % ° - GPa - -
IBRI2001  [FV-47 96,65 96.90 IHA OB forirrmp 44,78 2,21 [138 1,53 3020.6 2868.5 2918.8 5,0 X
BRI2001 [FV-47 129,00 12930 HA [TB d.mp 44,66 2,23 186 0,55 30384 2968.0 29912 2.3 X
BRI2001 |[FV-47 |148,10 |14830 HA |[IB 44,62 2,23 183 0.46 3004.2 2930.8 29552 2.4 X
IBRI2001  [FV-47 184,45 |185.00 [SA cG lh 44,57 2,23 |35 3.80 2978.9 2133.2 2417.1 28.3 X
BRIZ001  [FV-47 225,65 226,00 [SA G L 44,61 2,25 |71 13,02 2769,5 1865.2 2191.7 32.5 X
BRI2001 [FV-47 24545 245,70 |SA CG lh 44,57 2.24 25 4.00 2929.3 2487.3 2638.2 15,1 X
BRI2001 [FV-47 265,70 [266,00 [SA CG lh 44,57 2,22 |17 4.63 2931,1 23254 25313 20,3 X
BRI2001 [FV-47 271,10 [273,30 |SA PB .h 44,59 2,24 227 1.67 2903.8 2721.2  [2784.1 6.2 LX
BRI2001 [FV-54 14,55 [15.00 [FA B 4455 2,23 172 0.46 2985.2 2890.3 2922.1 3.2 X
BRI2001 [FV-54 40,10 14040 [FA B 44,69 2,22 174 0,53 2976.6 2837.1 2883.9 4.7 X
BRI2001  [FV-54 36,90 167,30 &,—\ OH ph 14,69 222 1129 0,51 2978.2 2819.1 \28725 5.3 LK
BRI2001 [FV-54 7905 7945 [FA OB 44,64 222 148 1,60 3010.2 5.4 X
BRI2001 [V-54 8560 86,00 [A 5D 44,62 12,24 |48 21,69 2800,0 15993 2028.1 43.8 X
BRI2001 [FV-54 85,60 86,00 [FA SD 44,62 223 |6 18,97 28320 1675.3 2084.0 40,9 X
BRIZO01 IFV-54 LQ‘),.?U 89,70 FA CG Ll-l.()? 217 |26 5,64 2876,5 23279 25188 19,1 LY
BRI2001 [FVv-54 11290 113,30 [TB PB 44,61 2,23 |103 1,84 2861.6 2643.5 2719.7 7.6 X
BRI2001 [FV-54 12530 |[125,60 [TB IPB 44,61 [2.23 93 2,12 2871.2 2672.4  [2741.5 6.9 X
BRI2001 [TB-02 28,50 [28.75 [HdeS |CG 44,58 2,22 |14 8.07 2768,3 1687.4 [2077.9 38.9 X
BRI2001 JB-02 59,77 60,27 &{des CG imgr 44,38 |2.18 |14 14,60 27755 1692.1 2082.4 39.2 LX
IBRI2001  JB-02 59,77 60,27 HdeS |CG Eug[ 44,48 2.21 |8 13,20 27470 1660,6 2056.0 38,0 X
BRI2001 TB-02 70,20 70,50 [HdeS |SD 4459 2,23 12,07 2790.6 18164 [2165.4 34.8 X
BRI2001  [TB-02 7425 74,52 [HdeS |CG [ttt 44,57 |2.22 |63 10,23 2820,9 1954.2 2261.5 30,8 X
BRI2001 |B-03 #230 4270 [UTB (OB mss 47,38 2,10 117 0,28 30109 26712 27839 11.1 X
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Table 4-7: Laboratory test results for Kérahnjikar headrace tunnel.

; : Remarks : ) } . . (Apparent ':Bulk ;'Bukk : ; . ':l’ois- ;']:'!ﬂalicily
[Lab DH-No [From [To Suite [Lithology o Cr.ne IL/D ves Tensile  Water specific specific  [specific .P.m'o— Slnke” Phi son  |modulus  |Triax LUniax
F lithology Diam. lab strength  |content eravity eravity  |avity (SSD) ‘sﬂy ‘durabﬂﬂy L‘atl() E
- - m |m - - - |mm - MPa MPa % ke/m* lkg/m? kg/m? % Lo - |GPa s -
BRI2001  |/B-03 i54_43 i54_30 UTB 0B mss i45 221 [109 034  po6dl i2716‘4 ﬁsoo,o is,z \ | \ b
BRI2001  [/B-03 \95,77 |96,o3 UTB |0B |44,92 .22 |16] 0,12 B0522 |2933.0 b971.9 |3.9 \ | \ X
BRI2001 B-03  ]101,95 [102,25 |UTB [OB 449 222 174 0,22 3033.4 [2859.2  ]2916.6 5.7 | | \ X
BRI2001 [B-03 103,66 [103,87 JUTB |OB [44.95 P21 [150 020 30566  PP8522  Pp9I9l 6.6 | | | X
BRI2001 [B-23 ;35_13 iss,so KM |BRC p.h i44,9z 2.19 |103 012 5686 izsm.s ba13.6 i9_4 ‘ | ‘ X
BRI2001 |TB-23 ‘106,70 |106‘86 KM [BRC p.h |44,75 2,24 83 0,11 25462 |2351‘0 4272 |10,l ‘ | ‘ X
BRI2001 [B-23  [123.04 [12324 [KM [BRC h 447 22 112 030 5708 3432 p4318 g6 | | | X
IBRI2001 B-23 124,73 124,95 LKl\/l BRC p.h 44,68 12,23 [114 0,17 2605,5 2425,0 2494.2 6.8 X
BRI2001 JB-23 144,31 |144,52 KM BRC p.h 44,72 2,22 |66 0,20 2552,2 2377.9 2445.9 6,7 X
BRI2001 [B-23 166,90 [167,25 |[KM |BRC h 448 22 111 0,19 26034 3551 4504 P3| | \ X
BRI2001  TB-37 91,40 |91.85 |HdM BRC tt.d 4487 P16 35 7,40 25705 1961.4 21983 23,5 X
BRI2001 TB-37 102,50 ]102,80 HIM BRC tff.d 44,85 P13 24 7.97 2457.0 1909.3 2131.9 R2.3 X
BRI2001 TB-37 106,05 |106,47 HIM BRC tff.d 44.84 .20 30 7.63 26219 2059.8 2274.2 R2.2 X
BRI2001 [TB-37  [140,00 [14022 [HdM [PW l4492 D21 4 352 p7746  P2635 D476 [17.7 | | | X
BRI2001 TB-37 1145765 !146700 HdM PW !44,86 2,20 35 422 2745,0 !2158.0 P372.0 !2172 1 ! 1 B(
BRI2001 |IB-37  [17432 [17462 HIM [PW D 4498 P22 65 272 867,01 S804 [2680.2 p.7 | | | X
BRI2001 [IB-37 ‘181,70 |182,15 HdnS [CG st |44,87 2,22 o0 9,06 ]2804,0 |2119,6 ‘2363,6 |24,4 ‘ | ‘ X
BRI2001  B-37  |I81,70 |18215 |HduS [CG st {148 225 g2 04 P65 20954 3369 ps1 | | ‘ X
IBRI2001  UB-37 193,60 ]193,80 |HdnS |SD fer 43.83 2,23 |16 11,62 26006,5 11695.2 12044.8 34.9 | | | X
[BRI2001 [TB-37 ;205,35 ;206,10 Hdns |SD ffer, tff pum ;44,88 2,19 P4 9,61 2613,9 ;1747,6 ;2078_9 ;33,0 ; ; ; X
BRI2001 [IB-37 214,10 [214,40 [HdnS |SD cal | 2479.6 16649  [1993.5 BL9 | | | X
BRI2001 |TB-37 !232,50 !232,80 HdnS |SD tft,cor !44,82 221 9 9.39 2556,8 !1800,1 !2096,0 !31,5 \ | \ X
BRI2001 [TB-38 |70,06 70,25 h—\ sC d @487 214 31 2,12 2786,8 21434 23745 22,6 | E\
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Table 4-8: Laboratory test results for Kérahnjikar headrace tunnel.

Elcmarks . \Apparent bulk bulk [Pois- |Elasticity
Lab DH-No [From [To Suite  [Lithology |[to C‘c‘>re L/D ues Tensile  Water specific specific  |specific Ploro- Slake‘ . [Phi [son  modulus Triax |Uniax
o Jithology Diam. lab |strength  content aravity aravity  |ravity (SSD) sity  |durability atio [
B - m m - - - mm - IMPa MPa % kg/m® &(g«‘mi i(g/m’ %o % ° ok GPa - -
BRI2001 UB-38  199.65 19992 |RA [PB 4484 222 171 0,97 30177 29520  [2973.3 2,2 i
BRI2001 |JB-38 102,65 110198 RA [|PB 44,86 222 158 .94 30235 2952.5 2976.0 2.3 X
BRI2001 |B-38 127.10 |127.30 [RA PB 44,80 222 |149 0.84 3017,7 2955.4  [2976.1 2.0 X
IBRI2001  UB-40 53.05 53,30 [EY AN 44,64 2,23 305 0,52 2890,6 2831.4 2851.8 2,0 X
BRI2001 [UB-40 [81.10 [81,34 [EY IAN 44,68 2,22 229 0.63 2926,2 2831.7 2864.0 3.2 X
BRI2001 JB-40 117,72 [118,00 [LA PB 448 .22 254 0.25 2971,7 2871.8 2905.4 3.5 X
BRI2001  JB-40 126,25 ILA sD >gr puny,d 54.4 X
BRI2001 |JB-40 17330 |173,55 [LA OB 4476 2,21 252 0,55 30194 2890.7 29333 4.2 b
BRI2001 JB-40  [220,10 [220.36 LA OB 44,77 222 216 0.93 3003.5 2894.1 2930.5 3.6 X
BRI2001 JB-40 224,00 [224,26 LA oB 44,78 2,22 215 0,78 2991,8 2912.8 2939.2 2.6 X
BRI2001 B-40 [243,10 |243.40 LA PB 44,72 222 185 0,78 3004,0 2912.0 [2942.6 3.1 X
IBRI2001 UB-41 74.60 74,92  |RA PB 44,56 [2.24 216 1,01 2983,0 2873.9 2910.5 3.7 X
BRI2001 B-41 113,00 [113.30 [EY AN fgr,mss 4449 224 148 0,77 2860,6 2775.5 2805.3 3,0 X
BRI2001 JB-41 12790 [128,12 [EY OB formss.flw 44,58 2.24 210 0,60 2908,0 2825.0  [2853.6 2.8 X
BRI2001 |JB-41 165,37 EYa |AN 44,74 2,23 220 0,66 2909,8 2838.0 (28627 2.5 ‘R.
BRI2001  |JB-41 211,00 211,40 [EY SD mgr.lam 44,53 2.23 |25 8,10 2578.8 1786.3 2093.5 30.8 X
BRI2001 JB-41 281,70 282,00 [EY AGG mgr 4448 224 24 7,51 2580,9 1888.9 2157.0 26,9 X
BRI2001 TB-41 289.20 [|289,50 [EY AGG car 44,54 .23 36 6,10 26157 2010.9 22419 23,1 X
BRI2001 [B-42 4090 41,20 [HdnS |CG 4478 2.18 43 15,22 2729,0 1801.9 2141.5 339 b
BRI2001 JB-42 113,30 |113.60 RA SD 44,62 2,23 |70 16,67 2688.0 1678.6  2054.2 37.6 X
BRI2001  UB-42 124,70 125,00 RA PB 44,68 2,22 1220 32 3010,9 2907.5 29418 3.4 X
BRI2001 B-42 128,10 |128.38 |[RA PB 44,64 222 62 0,32 3004,0 2898.3 29335 3.5 X
IBRIZ001 B-42 181,50 181,73 |[EY G 44.66 2,20 |22 3.87 2998,7 2424.4 26159 18.7 X
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Table 4-9: Laboratory test results for Kérahnjikar headrace tunnel.

I I Remarks ‘ [ ‘ . [Apparent IBulk "Bulk ‘ I Pois- "L!a:’licily I ‘
Lab IDH-No |F1‘0111 |To Suite [Lithology [to (‘(ln'e L/D |UCS Tensile  [Water specific specific  fspecific ‘P_OTO_ Slakel . |Phi son ‘umduhls |T1‘mx [Uniax ‘

| | lithology pram. fab pirength eontent gravity leravity  jgravity (SSD) rll}' turability ratio |E | |
- - m m - - - nun B IMPa IMPa % kg/m* kg/m* kg/m’ Yo %o - GPa - -
BRI2001 JB-42 200,05 [200,50 [EY [CG 44,65 R2.21 |57 7,09 2850,6 2127,1 2380.9 25,3 X
BRI2001 [B-42  [219.27 1960 [EY |AN H4,73 P21 P80 | 0,54 30578 Pogl,1  [3006.2 2,5 | X \
BRI2001 |IB-42 224,80 225,20 |EY AN 44,75 P24 212 0,90 3050,5 2922 4 2964 .4 4.2 X
BRI2001 [IB-51 11,95 |1220 [HdeS MB h 44,64 223 62 3,89 2619.7 2191.6  [355.7 16.6 X
BRI2001 [IB-51 15,80 |16.10  |[HdeS MB i 44,69 .24 |64 7,24 27774 2300.3 4722 17.1 X
BRI2001 [B-51  [29,10 29,30 [HdeS (OB L.p 44,42 P25 [150 | 2,00 29985 [2764,7  [p842.7 7.7 | X \
BRI2001 IB-51 33,10 33,40 |HdeS MB d 44,64 223 34 4,34 2736,5 22949 2456,2 16,3 X
BRI2001 JB-51 38,80 [39.10 [HdeS |CG mgr 44,65 225 43 1031 2840.,0 20123 2303.7 29.3 X
BRI2001 B-51 42,00 4230 jiIdeS [CG mgr 44,66 224 44 10,49 28287 12092 4 23525 26,0 X
BRI2001 [IB-52B |7.60 7.90 HdeS MB d.hy 44,64 2,23 |63 5,72 28434 2357.2  [528.2 17.1 X
BRI2001 [B-52B [14.30 [14.55 [HdeS MB id.hy 44,67 224 |57 6,05 27743 23473 5013 154 X
BRI2001 UB-52B [20,10 [20.40 |HdeS MB d,hy 4472 223 |30 | 1089 7955 20940  [2344.9 25.0 | ‘ | X ‘
BRI2001 [B-52B 545 (2570 [HdeS OB I b479 P22 98 | P44 8258 ps4s3 16466 9,7 | ‘ | X ‘
BRI2001 [B-54  |p415 440 |UTB [TB ffar ui68 P24 135 | 020  [3041,8 9198  P959.9 1,0 | | | X \
BRI2001 |IB-54 I42\30 I42\60 UTB [ITB fgr,d.h ‘44,62 2,24 I304 ‘ 0,56 30460 I2962,7 ‘2990,1 ‘2,7 I ‘ I X ‘
BRI2001 |IB-54 49.15 4940 JUTB [IB fer.d,h 44,63 2,24 330 0,50 3059,0 2961,5 2993.4 3.2 X
BRI2001 [TB-54  [79,20  [79.40 TB OB iflw,mp 44,62 2,24 [183 | 148 3057.7 [2887,3  [2943.0 5.5 | X \
BRI2001  |B-54 11340 |113.80 [UTB (OB iflw. mp 44,74 .22 |124 1,83 3061,7 28004  [2885.7 8.4 X
BRI2001 |IB-54 120.30 |120.60 [UTB |OB 44,75 P23 [175 0,70 30363 28715 2925.8 5.4 X
BRI2001 |IB-54 139,60 |139.85 [UTB |OB mp 44.75 222 [169 0,89 3064.6 29572 29922 3.5 X
BRI2001 |IB-54  [162.00 [162.30 |HdeS CG for,sd H4.69 2,23 |73 \ 12,80  [2813.8 [1941.3  [251.4 31,2 X |
IBRI2001  JB-54 163,70 163,90 |HdeS |SD fer.mss,h  M4,68 2,22 |72 18,74 27222 1696,1 2073.1 37.9 X
BRI2001  B-34 180.35 |180.72 [HdeS (G fer,mss 4434 225 |111 3,87 2789.4 22152 4210 20.5 X
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Table 4-10: Laboratory test results for Karahnjikar headrace tunnel.

Remarks Apparent  Bulk Bulk Pois- [Elasticity
Lab DH-No [From [To Suite [Lithology [to Core [L/D ues Fensile  |Water specific specific  [specific poro- Slake“ Phi [son  modulus  (Triax |Uniax
lithology Diam. lab strength |content aravity aravity  leravity (SSD) sity  (durability ratio |
- - m m - - - mm - IMPa MPa % kg/m?* kg/m? kg/m* % % |k GPa - -
BRI2001 IB-54 180,35 [180,72 HdeS [CG fgr.mss 4434 P24 112 8,83 2751,0 21720 2382.5 21,0 X
BRI2001 UB-54 180,70 [181,00 HdeS |SD fermss,h 4435 [2,25 [117 8,72 2757.8 2183.4 2391.7 20,8 X
BRI1990 [FS-31 114 11,7 SA OB P e.l 77 9.5 2980,0 2550.8 8.8 X
BRI1990 [FS-31 15,6 159 SA OB P 2.1 189 13.9 3005.0 2834.5 4.4 X
BRI1990 FS-31 38,7 39,0 SA SC 2.1 88 2855.0 2523.6 8.8 X
BRIT990 FS-31 148, 1 48 4 SA SD 2.1 |39 3,1 27650 20046 38.5 7.0 he
BRI1990 FS-31  [52.2 52.5 SA CG 2.1 18 2.1 2780.0 2052.8 323 P8O X
BRI1990 FS-31  [57.9 58.2 SA 5D 2.1 41 3.0 2750.0 2003.3 37.5 P80 X
BRI1990 Fs-31 60,0 0.3 SA CG 2.1 |77 2830,0 2098.0 36,1 8
BRI1990 Fs-31 61,2 1.5 SA CG 2.1 8BS 2780,0 1981.3 36,3 X
BRI1990 FS-31 618 62.1 SA sD 2.1 5.0 2780.0 2011.9 33.5 X
BRI1990 FS-31  [70.4 70.7 PF sC 2.1 17 1.0 28700 2256.8 16.8 X
sintef1990  [FS-31 876 87.9 1¥3 PB d 2,1 223 19.0 3000,0 18955 4.0 X
BRI1990 FS-31 1275 1278 [PF B flw, p 2.1 [178 13.0 2936.7 2654.5 6.9 X
BRII990 FS-31 146.2 146.5 PF PB !ﬂw 2.1 145 14.1 3045.0 2905.7 2.9 R
BRIT990 FS-31 172.3 172.6 FA OB l: 2.1 173 13.8 29700 2851.8 4.2 N
BRI1990 FS-31 1923 192,66 [FA OB d 2.1 262 17.5 2975.0 2883.1 3.3 K
BRI1990 Fs-31 2396 2399 [FA 1B d. flw 2.1 165 13.5 2990,0 2846.2 4.1 S
BRI1990 FS-32  [12.1 124 HA OB d 2.1 247 13.2 30500 29400 2.2 X
BRI1990 FS-32 399 10,2 HA |PB d 2,1 230 14.7 30100 28733 2.9 4
BRIT990 1'5-32 56.4 56.7 SA S0 2.1 64 4.7 2830.0 20433 137.9 980 N
BRIT990 1'5-32 61.4 1.7 SA S0 2.1 |22 5.4 26600 1773.3 !39\2 9.0 N
BRI1990 Fs-32  [72.9 73.2 SA CG 2.1 35 30300 2395.0 !21.[ 98.0 K
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Table 4-11: Laboratory test results for Karahnjikar headrace tunnel.

IRemarks ) . . R |Apparent  [Bulk Bulk . Pois- [Elasticity
Lab DH-No [From [To Suite [Lithology  [to ‘_w L/D ves Tensile  Water specific specific  |specific P_"m_ F‘]er_ ) Phi fson  modulus Triax [Uniax
lithology Diam. lab strength  |content aravity aravity aravity (SSD) sity  |durability atio |k

- - m m - - - mm - MPa IMPa % kg/m? kg/m’ lkg/m* % % °r IGPa - -
BRI1990 [FS-34 201.1 2014 HA |OB d 2.1 275 12.5 2850,0 2800.4 1.6 X
HBRIIQEIO 5‘"5-35 17,2 175 LA OB P 2.1 [160 11.7 3030,0 2800.0 6,6 X
BRI1990 [FS-35 [39.5 [39.8 [LA B ifw 21 172 1.7 3010,0 29167 b9 h e
BRI1990 [FS-35 463 46,6 LA |OB flw 2.1 212 10.7 3070.0 29167 3.4 X
BEIT1990 F5-35 76,0 76.3 LA 15 ] } 2.1 50 L3 2410.,0 2260.0 13,1 L
53R11990 &:5-35 983 98,6 LA PB d 2.1 209 10,9 2960,0 2873.3 3.1 X

RI1990 5-35 1204 1207 LA B 2.1 110 8,0 2910,0 2656.7 10,3 X
BRI1990 [FS-35 1271 1274 LA [IB P 2.1 |68 6.4 3040,0 25633 11,7 X
HBRIIQQO 5‘"3-35 1450 (1453 LA B d 2.1 271 144 2990,0 2960.0 14 X
BRI1990 [FS-36 129 132 HD AN d 2.1 284 19.7 2830.0 2750.0 2.0 X
BRI1990 [FS-36 498 50,1 LA [PB d 2.1 211 13.1 3030.0 2850.0 5.5 X
BRI1990  [FS-36 756 759 LA 0B d 2.1 330 7.0 2970,0 29033 1.1 X
BRI1990 [FS-36 79.1 724 LA (OB d 2.1 201 10.9 3010.0 2043.3 2.3 X
BRII99O  [FS-37 13.4 13,7 SA G 015 4.1 2780,0 22767 24.3 X
BRII990 [FS-37 202 [205 [SA |cG P |53 6.6 2950,0 2363,3 5.1 98,0 X
BRI1S90  [FS-37 369 37.2 BSA ST 2.1 47 3.9 2890.0 2090.0 35.6 199.0 X
BRII990 [FS$-37 48,0 483 SA 5D 2.1 34 3.1 2870,0 2013.3 37.9 98,0 X
BRIIY9O  F5-37 64,0 64,3 SA SD 2.1 71 3.4 12700,0 21433 245 P82 5
HEIT1990 FF5-37 79.4 79.7 SA S 2.1 |51 5.4 2680.0 2100.0 31.7 PE.0 N
BRII990  [FS-37 343 846 BSA  SD 2.1 41 3.8 2760,0 2090,0 36,2 98,0 X
BRI1990  [FS-37 90.7 91,0 SA SD 2.1 |66 4.5 2750,0 21333 33.9 98,0 X

RII990 [FS-37  [1042 [104,5 [SA  SD 21 |70 6,7 2700,0 2186.7 P80 079 b
BRII990 [FS-37  [1127 [113.0 SA [SD 2.1 |16 2.7 2690,0 2000.,0 384 98,0 X
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Table 4-12: Laboratory test results for Karahnjikar headrace tunnel.

Remarks . \Apparent  Bulk Bulk Pois- [Elasticity
Lab DH-No [From [To Suite [Lithology o Cc-)re L/D ves Tensile  Water specific specific  |specific P_OI-O- Slake ) Phi [son  modulus Triax [Uniax
lithology Diam. lab strength  |content aravity aravity laravity (SSD) sity  |durability o

- - m m - - - mm - MPa IMPa % ke/m? kg/m* kg/m? % % ° GPa - -
BRI1990 [FS-38 4.4 4.7 PF IPB flw, p 2.1 [154 13,1 3000,0 2880.,0 3.8 X
BRI1990 |FS-38 284 287 PF IB d 2,1 217 14.9 3050,0 2876.,7 5.0 X
BRI1990 [FS-38 459 46,2 PF PB P 2.1 145 10.8 3040,0 2820,0 6.3 X
BRI1990 [FS-38 472 475 PF PB P 2,1 99 6.8 2900,0 2593.3 6.2 X
BRI1990 [FS-38 543 54,6 FA SD 2.1 |22 1.0 2660.0 1980.0 26.8 1964 X
BRIT990  [FS-38 55,5 55.8 FA S0 2.1 1.3 2760.0 1655.0 528 [94.9 N
BRI1990  |[FS-38 814 81.7 FA S0 2.1 20 2600.0 16800 384 9.6 N
BRI1990  |[FS-38 83.1 33.4 FA FI3 1 2.1 |62 9.8 28800 2403.3 12.3 N
BRI1990  FS-38 879 [88.2 FA |PB d 2.1 224 16.9 3030.0 2933.3 2.4 X
BRI1990  |[FS-38 103.0 1033 FA S0 2.1 29 6,8 27200 19633 Ol [98.9 N
BRI1990  |[FS-38 121.8 |122.1 FA  8C 2.1 |53 6.5 3040.0 2576.7 16.2 X
BRI1990  |[FS-38 136.5 [136.8 FA I'B 1 2.1 |227 14.6 3010.0 2940.0 2.1 N
BRI1990  [FS-38 154,7 |155.0 FA [IB 2.1 252 12,9 2990.0 2906.7 3.5 K
BRIN990  FS-38 1693 169.6 IFA PB 3 2.1 [126 9.9 2960.0 2723.3 6.9 N
Kingst84  [FV-32 1396 |151.096 OB 4734 2 62 2561.90 AT 0,087 13.471 X
Kingst84 [FV-32  |139.8 |151.408 OB 4734 25 |110 2670.43 29 15,725 X
Kingst84  [FV-32 140 151.674 B 4734 25 |- 2687.05 H4 17.607 N
Kingst84  [FV-32 1404 152645 B 4734 2.6 (125 2574.45 K 19.734 N
Kingst84 [FV-32  |140.6 |152.907 OB 4734 26 (127 2641.30 18 24,918 X
Kingst84 [FV-32 1432 155,067 OB 4734 2.5 (135 2586,71 28 21,258 X
Kingst84  [FV-32 1434 154 896 B 4734 2.4 [131 278527 U4 (0088 28616 N
Kingst84  FV-8 1328 141,812 B 36,2 2.5 (164 286783 24 0,109 (30,34 N
Kingst84  [FV-8 1356 |144.571 OB 36,17 2.5 210 2906,33 38 24,254 X
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Table 4-13: Laboratory test results for Karahnjikar headrace tunnel.

Remarks . \Apparent  Bulk Bulk \Pois-  [Elasticity

Lab DH-No [From |To Suite [Lithology |[to C‘(‘)re L/D Ues  [Tensile  Water specific specific  |specific P,OIO- Slake' [Phi son  fmodulus  [Triax [Uniax

N lithology Diam. llab strength  fcontent eravity avity  |aravity (SSD) sity  [durability atio [
- - m m - - - mm - MPa MPa % kg/m® &{gf‘mi kg/m* Yo %0 ° - IGPa - -
Kingst84 V-8 135.8  |144.632 OB 36,19 124 144 2884.97 44 19,115 X
Kingst84 [V-8 135,95 144,888 OB 36,22 2.5 209 288078 47 26,459 X
Kingst84 [FV-8 136,1 145,584 B 36,19 126 141 2917,27 54 18,74 X
Kingst84  [FV-8 136,2 144,732 B 36,17 2.4 204 291215 34 0,08Y 35322 N
Kingst84 |[FV-8 136.3 144,822 OB 36,19 2.4 (244 2899,79 54 22,056 X
Kingst84 [FV-9 95.4 106,97 OB 475 A4 115 284207 52 10,151 39,879 X
Kingst84  [FV-9 95,7 107,295 B 7.6 24 177 2814.83 A4 31,547 X
Kingst84 [FV-9 96,2 107,772 OB 475 A4 |126 282939 46 29,104 X
Kingst84 [FV-9 ©7.1 108.685 B 17.5 24 179 2845.21 LAl 32,780 X
Kingst8d [FV-9 7.4 108,728 B 47.5 2.4 1201 2839,02 42 33,248 X
[Kingst84 [FV-9 98,2 109,666 bB 17,5 2.4 151 285800 44 35,638 X
Kingst84 [FV-9 8.4 109,69 OB 47.5 2.4 171 2872.07 45 0,161 4592 X
Kingstdd  [FV-10 40,1 51,593 B 4747 24 129 2837.20 34 26,043 X
Kingst84  [FV-10 12.2 53,389 B 1749 124 111 2884,58 30 30,584 X
Kingst84 [FV-10 12.4 52,171 bB 47,5 2.1 (148 bSSS.UB‘ A9 10,137 136,035 t\
Kingst84  [FV-10 14.5 56.07 bB 17.49 24 176 288816 54 32,181 X
Kingst84 [FV-10 447 55,696 OB 4747 23 |173 2890.41 52 0,158 48,524 X
Kingst84 [FV-10 W87 59,868 bB Lt',-'\-lﬁ‘ 2.4 163 288546 32 30,527 X
Kingst84 [FV-10 489 60,061 OB 4742 24 121 2813.61 48 0,138 [38.6 X
Kingst84 [FV-10 518 03,542 OB 47,47 RS 1235 2904,07 52 38,037 X
Kingst8d  [FV-10 54 65,976 B 47.49 2,5 222 293402 54 37,238 X
[Kingst84 [FV-8 172.1 1721 B 2.4 166 2850,00 52 22,056 X
Kingst84 |[FV-8 172.2 1722 1B 2.4 179 2860.00 38 10,118 [26,38 X
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Table 4-14: Laboratory test results for Karahnjikar headrace tunnel.

[Remarks ‘( . Apparent  Bulk Bulk Pois-  [Elastienty
[Lab DH-No [From  [To Suite |Lithology fto ._':re L/D UCS - [Tensile  [Water specific specific  [specific P.nrn— S]nke. . hi son  modulus Triax [Uniax

lithology Diam. Lab trength  [content vty eravity  |eravity (SSD) sity  |durability latio [
= - jm m - - - nm - MPa MPa % kg/m? kg/m? g/m? % % ok iPa - n
Kingst®84 [FV-8 173.6 1736 B 2,5 441 2920,00 50 39,14 X
Kingst84 [FV-§ 173.8  |173.8 TB 2.7 279 2820.00 72 37.47 X
Kingst84 &:V-S 174 174 B 2,3 389 291000 50 35416 E\
Kingstsd E\'—S 174,15 (174,15 TIB 23 396 2940,00 51 10,092 19492 L
[Kingst84 [FV-8 176 176 TB 2.3 bUD 12870.00 10 28.664 X
Kingst84 [FV-x1 1359 145,491 PB 4.732 20 |71 2621,06 38 17,196 X
Kingst84 [FV-xl 136 146,665 PB 753 22 7 2636,50 dé 16,374 X
Kingstsd [FV-xl 1364 147,744 PB 1735 4 |lol 717,34 b2 20087 X
Kingst84  [FV-x1 136.5 148,132 rB 4,737 2.5 k)2 2610,26 47 116,449 X
Kingst84 )FV—,\;Z 140.6 152,459 PB 4,744 25 94 2742,62 52 10,133 29901 X
Kingst84  [FV-x2 140.8 152 481 PB @729 25 98 2778.71 26 25,928 X
Kingst84 \FV-XZ 141.2 152,526 PB 4,729 24 85 2749.68 29 10,125 |29.683 X
Kingst84 [FV-x2 |141.4 |153,282 PB 4,678 2.5 194 2823.42 20,859 X
Kingst84 [FV-x2 141.6 153,426 PB 4,727 25 |79 12691,55 25 16,439 X
Kingst§84  FV-x3 299,2 310,96 PH 4,729 25 112 2746.00 Ho 24,093 X
Kingst84 [FV-x3 299.8 31091 PB 4,737 23 [192 2811.56 50 10,137 [36.141 X
Kingst84 [FV-x3 300 311,151 ’B 4,742 24 213 282426 38 31,664 X
Kingst84 [FV-x3 3003 |311,56 PB 4.74 2.4 142 2766.56 46 0,118 [32.001 X
[Kingst84 h:\'-xﬁ 3004 311,594 PB 4,735 2.4 |195 2816,60 50 29,751 t\
Kingsid4 [FV-x4 4997 510,66 rB 4,752 23 98 263606 4o 13,447 X
Kingst84 FV-x4 4999 510,07 PB 4,73 22 77 270224 47 10,134 126,642 X
Kingst84 [FV-x4  500,1 512,084 PB 4,75 2,5 104 2750,01 44 16,215 X
Kingst84 \FV-X'-’l 500.3 511,915 PB 4,747 24 (159 2764.10 40 10,137 38411 X
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Table 4-15: Pictures from brazil test.

Sample nr. 20: Sandstone, o, =1,22 MPa. Sample nr. 21: Sandstone, o, =1,53 MPa.

Sample nr. 22: Scoria, o, =4,21 MPa. Sample nr. 23: Scoria, o, =0,88 MPa.

Sample nr. 24: Scoria, o, = 2,21 MPa. Sample nr. 25: Scoria, o, = 2,22 MPa.
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Table 4-16: Pictures from brazil test.

Sample nr. 26: Scoria, o, = 0,79 MPa. Sample nr. 27: Scoria, o, = 0,00 MPa. (Broke before

< )

Sample nr. 28: Olivine tholeiite, o, = 2,08 MPa. Sample nr. 29: Scoria, 6, = 1,68 MPa.

loading)

Sample nr. 30: Olivine tholeiite, o, = 0,52 MPa. Sample nr. 31: Scoria, 6, = 1,85 MPa.
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Table 4-17: Pictures from brazil test.

)

Sample nr. 32: Tholeiite basalt, 6, = 4,30 MPa. Sample nr. 33: Olivine tholite, 6, = 1,13 MPa.

Sample nr. 35: Scoria, 6. = 1,62 MPa.

'8 [®;

Sample nr. 36: Olivine t tholeiite, o, = 1.11 MPa. Sample nr. 37: Scoria, o, = 0,87 MPa.
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Table 4-18: Pictures from brazil test.

Sample nr. 38: Scoria, o, = 1,98 MPa. Sample nr. 39: Scoria, 6, = 6,01 MPa.

Sample nr. 40: Scoria, o, = 1,34 MPa. Sample nr. 41: Tholeiite basalt, o, = 3,05 MPa.

Sample nr. 42: Scoria, o, = 1.55 MPa. Sample nr. 43: Scoria, o, = 3,05 MPa.
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Sample nr. 44: Sandstone, o, = 2,38 MPa.
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Table 4-19: Plots from unconfined compression test.
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Table 4-20: Plots from unconfined compression test.

11xs

03}

025

1)
¥
T

&
[

Stain[%] £

01

0.05|-

—— Stress-Strain behavior
—— E-modulus at 50% Ulimate Strength
T T

10

6
Stress[MN/m2] o

Olivine tholeiite, o. =8,98 MPa, E-modulus = 7,10 GPa

13.4s
05-
g

04f
“
F 03}
H
&

02

0o1F f

'
‘Stress-Strain behavior
" | E-modubsat 50% Usmate Strength |
ol L L L L : X : T |
L] 5 10 15 20 25 30 35 40
Stress{MNM2] o

Olivine tholeiite, o. = 40,85 MPa, E-modulus = 17,05 GPa

17.ds

06

05

=
=

Stain{%) =
=
w
T

04}

‘Stress-Sirain behavior
E-miodus at 50% Ulmate Strength |

& 8 10 12
Stress{MN/m2] o

Sandstone, 6. =10,34 MPa, E-modulus = 3,25 GPa

12.ds

0351
03
025

02+

Stain{6]

0.15- 4 1
01F

0058

A Stress-Sirain behavior
| E-moduhis at 50% Uimate Strength |

5 [ 7

4
Stress{MNimZ] o

Sandstone, 6. =4,75 MPa, E-modulus = 2,00 GPa

15.1ds

055

04k

Stain{%) =
=
W
S

02- (

o1 N

{ Stress-Sirain behavior

{ | E-modus a1 50% Uirmate Strength |
ol ) i , ; ; ; : |
(1] 2 4 10 12 14 16

[ 8
Stress{MNim2] o

Sandstone, o. = 13,04 MPa, E-modulus = 5,13 GPa

19.ds

Stain{6]
= = =
b = o = =
e & A &

=
e

‘Stress-Strain behavior

E-modulys at 50% Uimate Strength |
] 2 4 5 1 10 '
Stress{MNim2] o

Olivine tholeiite, 6. = 8,18 MPa, E-modulus = 2,34 GPa

Gunnar Arnar Gunnarsson

20

DTU-Byg, UoB-HI 2008



Master’s Thesis 4. Appendix

Table 4-21: Pictures from unconfined compression test.

<38 3 L
¢ s
(N g =
- - C— —t a

Sample nr. 6: Scoria, 6. = 44,50 MPa.

Sample nr. 8: Scoria, 6. = 12.71 MPa.
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Table 4-22: Pictures from unconfined compression test.

Y -

Sample nr. 11: Scoria, 6. = 8,98 MPa. Sample nr. 12: Scoria, 6. = 4,75 MPa.

Sample nr. 17: Sandstone, 6. = 10,34 MPa. Sample nr. 19: Olivine tholeiite, o, = 8,18 MPa.
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Table 4-23: Plots from triaxial test of sample 3-scoria.

Stress vs. strain (close up) Axial strain vs. radial strain
Stress [MPa] Radial strain [%]
0 5 10 15 20 25 30

0,05

0,07

0,09

on

Axial strain [%]

Strain [%]
f=)

E50-modulus

0.19

0.21

0.23

0.25

E-modulus = 16,39 GPa. Poisson ratio = 0,132
E-modulus at 50% of strength = 13,33 GPa Poisson ratio at 50% of strength = 0,194

Table 4-24: Plots from triaxial test of sample 14-scoria.

Axial strain vs. radial strain

Stress vs. strain (close up) Radial strain %]
stress [MPa]
0 5 10 15 20 25 30

0,10

=)
-
o

Axial strain [%]

=
£
©
£ E50-modulus
w

0,20

0,25

0.30

Poisson ratio = 0,184

E-modulus = 14,93 GPa.
Poisson ratio at 50% of strength = 0,199

E-modulus at 50% of strength = 12,05 GPa
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Table 4-25: Plots from triaxial test of sample 16-sandstone.

Stress vs. strain (close up) Axial strain vs. radial strain
Stress [MPa] Radial strain [%]
0 5 10 15 20 25 30

0,15

E50-modulus

Axial strain [%]

Strain [%]
o
i8]
(=]

0725

0,30

E-modulus = 14,71 GPa. Poisson ratio = 0,167
E-modulus at 50% of strength = 13,70 GPa Poisson ratio at 50% of strength = 0,194

Gunnar Arnar Gunnarsson 54 DTU-Byg, UoB-HI 2008



Master’s Thesis 4. Appendix

Table 4-26: Pictures from triaxial test.

Sample nr. 3: Scoria Sample nr. 14: Scoria
Failure at: 6; = 25,346 MPa and o3 = 1,456 MPa Failure at: 61 = 25,123 MPa and o3 = 1,432 MPa

Samp-h; nr “—16: Sandstone Sample nr. 5: Scoria
Failure at: o1 = 28,624 MPa and o3 = 0,891 MPa Failure at: 61 = 6,321 MPa and o3 = 0,504 MPa
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Table 4-27: Comparison of laboratory test results from the Kirahnjikar headrace tunnel and the

Féskradsfjérdur tunnel.

Karahnjukar(blue) - Faskrudsfjorour(red)

Sorted volcanic rocks
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100 A Olivine basalt
® Scoria
+
10 N + A‘#ﬂ x Sandstone
X X A O, A ..
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o X : R
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b*—' 1 X .X ° £a
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X Sandstone
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Sorted volcanic rocks
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Table 4-28: Comparison of laboratory test results from the Kirahnjikar headrace tunnel and the
Féskradsfjérdur tunnel.
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5. Appendix

This appendix contains a design cross section, cross section measurements from various

stations from the Faskradsfjordur tunnel also other materials used in the modelling phase

of the thesis.

v
v

AN

RN NI NIRN

Design cross section of the Faskrudsfjordur tunnel where niche is placed.

Cross section measurement of station 6524 made by Istak, used to model the cross
section for station 6530.

Cross section measurement of station 6532 made by Istak, used to model the cross
section for station 6530.

Cross section measurement of station 7616 made by Istak, used to model the cross
section for station 7615.

Geological mapping and primary support for station 6530 from Istak.

Rock characterisation, geological mapping and bolt support for station 6530 from
GeoTek.

Rock bolt report for station 6530 from Istak.

Shotcrete report for station 6530 from Istak.

Geological mapping and primary support for station 7615 from Istak.

Rock characterisation and geological mapping for station 7615 from Istak.

Shotcrete reports for station 7615 from Istak.
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/. ) |
“" |
I ',
| | := -;-I
- ..!""I"'" I _ -—

Cross section area=75m’

Figure 5-1: Design cross section of the Féaskradsfjordur tunnel where niche is placed, dimensions are in
millimetres.

>t 6224

05

Figure 5-2: Cross section measurements of station 6524, used to model station 6530.
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ST 6037

Figure 5-3: Cross section measurements of station 6532, used to model station 6530.

Figure 5-4: Cross section measurements of station 7616, used to model station 7615.
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Figure 5-6: Rock bolt report for station 6530 from Istak.
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Figure 5-7: Shotcrete report for station 6530 from fstak.
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Figure 5-8: Geological mapping for station 7615 from fstak.
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Figure 5-9: Shotcrete report for station 7615 from fstak.
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Figure 5-10: Shotcrete report for station 7615 from fstak.
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6 Appendix

This appendix contains materials from the modelling phase of the thesis.

Practical support model for station 6530.
Supplementary support model 1 for station 6530.
Supplementary support model 2 for station 6530.
Practical support model for station 7615.
Supplementary support model 1 for station 7615.

D N N N N NN

Supplementary support model 2 for station 7615.
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Practical support model for station 6530.
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Figure 6-1: Axial force in rock bolts in practical support model for station 6530.
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Figure 6-2: Axial force in rock bolt in practical support model for station 6530, yielding
presents in bolts nr. 3, 4 and 9.
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Figure 6-3: Bending moment in the shotcrete in practical support model for station 6530.
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Supplementary support model 1 for station 6530.

Figure 6-4: Shotcrete elements in supplementary support model 1 for station 6530.
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Figure 6-5: Bending moment in shotcrete for supplementary support model 1 for station 6530.
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Figure 6-6: Yielded elements for supplementary support model 1 for station 6530.
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Supplementary support model 2 for station 6530.
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Figure 6-7: Bending moment in shotcrete for supplementary support model 2 for station 6530.
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Figure 6-8: Yielded elements for supplementary support model 2 for station 6530.
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Practical support model for station 7615

o

40000674306 [MN] Axial Force|

75

25

Figure 6-9: Axial force in rock bolts in practical support model for station 7615.
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Figure 6-10: Axial force in bolt nr. 3 in practical support model for station 7615, only bolt nr.
3 displayed yielding.

Figure 6-11: Bending moment in the shotcrete in practical support model for station 7615.
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Supplementary support model 1 for station 7615.

Figure 6-12: Shotcrete elements in supplementary support model 1 for station 7615.
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Figure 6-13: Bending moment in shotcrete for supplementary support model 1 for station 7615.
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Figure 6-14: Yielded elements for supplementary support model 1 for station 7615.
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Supplementary support model 2 for station 7615.
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Figure 6-15: Bending moment in shotcrete for supplementary support model 2 for station 7615.
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Figure 6-16: Yielded elements for supplementary support model 2 for station 7615.
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